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I. INTRODUCTION

This is the fourth semiannual technical progress report for the
ARPA/NRL X-Ray Laser Program. There is no intention to duplicate
background material from previous reports¥*, since the format is
similar and copies are available upon request. Rather, the intent
here is to provide an update on program progress during this reportirg
period with brief statements of motivation and goals.

The basic individual activities in the program have remained
essentially same, i.e.,

icnlinear optical mixing for producing coherent radiation in the
vacuum-UV region,

Amplification of such coherent radiation as necessary, beginning
in the 1600 & region, in preparation for further frequency up-
conversion, i

Electron collisional pumping of ions in schemes amenable
to isoelectronic extrapolation to short vacuum-uv wavelengths,

Investigation of resonant charge transfer pumping at a high
rate into preferential levels as an advanced soft x-ray amplifier,

and

Theory, analysis and numerical modeling in support of these
approaches and continual investigation of new concepts.

The overall theme in this program is to generate a coherent,
collimated laser beam at as short a wavelength as possible for materials
diagnostic applications. The general approach is to transfer a
high degree of coherence from long wavelengths, with amplification
through molecular and ionic devices in an eventual chain system as
illustrated in Fig. 1. The areas: of current NRL activity are bounded

¥previous semiannual reports on this project are -vferred to liberally
in the present report. These are published as NRL Memorand.m Reports
No. 2910 (October 1974), No. 3057 (March 1975), and No. 3130 (September
1975). Copies are available on request.

NOTE: Manuscript submitted March 3, 1978.
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by solid lines; those of conceivable future activity by dashed lines.
A high peak intensity pulse from a coherent laser at 1 um is frequency
upconverted by "conventional'" means into the vacuum ultraviolet (vuv)
region near 1600 A, possibly with accurate tuning capability. This
step is described in Section II. A. Amplification of the beam at

this point may be required to achieve sufficient power for firther
upconversion, using either a Hj, or Xe "molecular" laser and existing
technology. The details here are described in Section II.B. Electron
collisional population inversion at shorter vuv wavelengths appears
promising in either laser-heated plasmas (Section IIL.B) or with trans-
verse digcharges such as originally developed for N, and Hy, and later
extended! to ions such as ¢c3+ (Section III.D.). At shorter soft x-ray
wavelengths, the rapid resonance charge transfer process remains most
interesting for achieving significant invers:ion, and progress on the
current‘definitive experiments is described in Section IV,

Each component of this chain is in a somewhat different phase
of development. The non-linear mixing has approached the vacuum-
uv region and optimization is beginning. A delay was encountered in
obtaining the xenon diode for amplification, so that we are pre-
paring for H, amplification as required. In the laser heated plasma
experiments for electron collisional pumping, both careful numerical
analysis and sophisticated interferometric diagnostics have illuminated
the difficulties in absorbing a significant amount of laser radiation
in the very thin layer of a specific density appropriate for inversion
and gain. Quantitative measurements are continuing; however the in-
dicatiors are that electron pumping in either a transverse discharge
or beam may be more appropriate a pump mechanism, so that additional
emphasis is being placed now on the traveling wave device that has
been a unique workhorse at NRL. The direct and definitive resonance
charge transfer experiment has progressed to the point where space-
resolved spectra from both' the ions and the background helium gas are
achieved, and detailed measurements at various densities are possible.

A major accomplishment of this reporting period has been the
completion of a comprehensive review article“ on the subject of short
wavelength lasers. A preprint is reproduced in the Appendix. Of
the 268 references gathered there ( as of October 1975), the ones
directly related to short-wavelength lasing are compiled chronologically
in Fig. 2, which is an indication of the growth of interest in this
field. ! i

The following sections of this report describe the details of
progress made in each of these areas during the last six months. A
summary of the important points is included in the last section. 1In
some instances the work has been prepared for publication or has been
published. 1In these cases the reprint hgs been included as an appendix
and only brief mentica of the work is made In the walu bLudy of the
report. Each section also contains a few sentences about where the
work is headed and plans for the next reporting period.
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II. COHERENT VUV/SOFT X-RAY PULSES BY NONLINEAR MIXING AND AMPLIFICATION

II.A. NONLINEAR MIXING

This section describes our approach and recent progress towards
the generation of coherent soft-x-radiation through nonlinear mixing
processes, The motivation and general technique was described in
detail in previous reports in this series and is outlined briefly -
in Fig. 3. The output of a Nd:YAG mode locked laser is convert:d to
tunable visible radiation by successive frequency doubling and
parametric frequency conversion in each of two arms. The tunable
visible light in each arm is combined and converted to the vacuum- =3
UV (VUV) region thmugh resonantly enhanced frequency mixing in a 5
suitable metal vapor, and is then amplified in a VUV amplifier (as is
| discussed below). A further stage of resonantly enhanced nonlinear .
mixing is then used to convert the VUV to the soft x-ray range.

3 As was outlined in previous semiannual reports, the technique of
parametric generation was chosen to convert the 1.06 ym YAG output into
tunable visible iight because of its potential for generating higher
powers and shorter pulse durations with the available laser system.
During the previous reporting period, one arm of the visible radiation
generator was set up and preliminary investigation of its operating
characteristics was begun. Measurements of conversion efficiency in
the first two stages of harmonic generation were made. The parametric

: ! (frequency) down=conversion system was assembled and radiation was J

3 ! generated from 4600 to 6300 i by tuning the crystal temperature from e

é

t=

" e

T o e
Gl sl ¥

52 to 70°C.

R

During the present reporting period the performance of the second
harmonic stages was studied in more detail, with attempts to optimize
their performance being msde. In the first stage, conversion from
1.064 ¢ym to 5320 X was obtained with an efficiency between 50 and
60%, which is considered adequate for our purposes. Conversion

| efficiency from 5320 X to 2660 X in the second stage was me2sured in

5 the range of 25%, a value which was ¥nexpected1y low although comparable
w.th performance reported elsewhere.  Since the efficiency of the

é parametric generation in the subsequent stages depends critically on

g

§

]
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the strength of the UV signal, the fourth harmonic generation stage
was studied in some detail.

The conversion, from 5320 & to 2660 A was studied in a 1" long
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ADP crystal by measuring tiie depletion of the transmitted pump signal at
5320 X simultaneously with the generated signal at 2660 L as the crystal
temperature was adjusted on and off the 90° phase matching value (Fig. 4.)
These measurements were made as the intensity of the pump radiation was
varied by introducing a 2:1 reducing telescope into the beam. The results
are summarized In Table 1, where the various signals are shown referenced
to the pump pulse. Comparison of the UV signal with and without the tel-
escope with the crystal temperature set at 53.7 C shows that addition of
the telescope results in an increase of relative UV signal by 4.8 times,

in go~d agreement with the nominal expected increase 8f 4 times. A similar
compaxigon with the crystal temperature set at the 90 phase matching value
of 51.7C shows an increase in UV signal of 1.4 times. Simultaneous
measurements of pump transmission show a depletion of 23% for the untele-

scoped beam and 557 for the telescoped beam.

TABLIE 1

REIATIVE CONVERSION 5320 to 2660 &

Relative UV Signal Relavive Transmitted
Pump Signal
1 /1 I /1
uv’ “pump pump’ “pump
T = 53.7%
Pump Untelescoped 1.0 1.0
T = 53,7%
Pump Telescoped 4,38 1.0
T = 51.7°%
Pump Untelescoped 36.5 0.77
T = 51.7%
Pump Untelescoped 50.9 0.45

These results can be interpreted with the aid of Fig. 5 in which are
shown curves for pump and secoad harmonic (SH) signals for an ideal plane
wave as a function of the parameter LE,. The results for the untelescoped
beam are indicated by points A and A'?) (Linear attenuation due to absorp-
tion and surface reflection is not considered at this point in the dis-

cussion.) An increase in pump depletion to 55% upon addition of the telescope

is indicated by point B, with the corresponding predicted UV signal as B'.

The ideal increase in signal relative to the untelescoped case is 2.2 times
rather than the observed 1.4 times (point B"). The discrepancy of a factor-
of-1.7 appears to arise from nonlinear losses at 2660 A, since the increase

in signal off the phase match temperature is in agreement with the theoreti-
cal value.

T D MG L D e G e

BT A oF A




dJV Ul uolyersusas dlUOULIRY YMOJ
aInseaw 0} pasn juswadxa Jo wreiderp oyewayog — ¥ "S1g

{NOIL31d3a dWNd)
k 300id OlOHd

SH317I4d ALISN3A
IYH1LIN3N SSY19

Y3174
aN AN

W (NOILYH3NIO t S8 5 1NN
OINOWYVH Ylb) il L 0 DINOWNVH
30010010Hd } - ¥ TONOD3S

ETRIE aav..! . 3d09S313L

b6—159 ONIONA3Y

ONINY0D

e e | T R )

e s o bl R




i O 20 M et reemeas S5 e et e Lo = ARG,
| :
f .
; [
1.
| ' > 10 ;
) f i
<08 i
= SECOND
‘ 206 | HARMONIC
| W
k E 0-4 = “
So2t PUMP
| & ‘
1.0 2.0 !
| Ep xL (ARBITRARY UNITS) 1
Fig. 5 — Intenéities of the pump and SH fields as a function of the
i product of the crystal length L and the input pump electric field
| ; E, for an ideal plane wave
I i I / l
; i 26 = e
g ‘/ ° o 1
v ! =
| — 24 o ",
g 222 /
) /
N - 3
! = /4 3
% I-8 = / :‘
g b / ;
x 6 / 3
1 & '_ 4
, t 1A
i /) -
3 2 L0 / |
1 | 4
i - IR
3 | I | 1 ] | 1
: N 0 20 30 40 50
| I, ARBITRARY UNITS)
l Fig. 6 — Inverse transmission of a 2-in.-long ADP crystal at 2660A
3 | a8 & function of incident pulse intensity I

RSO s m———




Sl s D S

Observation of reduced harmonic.generation due to two-photon ab-
sorption at power levels of 35 MW/cm™ have been reported elsewhere.
In addition, reports of limitation of SH generation in semiconductor
systems due to two phcton absorption of the SH &ight and sum frequency
absorption of SH and pump light have been made.” To determine the im-
portance of these effects in our system, we also measured the transmission
of a 2" long ADP crystal at 2660 A as a function of intensity both at
2660 X and 5320 &,

Intensity variation of the 2660 & light was again accomplished with
a reducing telescope, the time of value 5:1. The transmission measure-
ments,are shown in Fig. 6. At the highest UV intensities used (around 800
MW/cm”) nonlinear absorption is seen to have reduced the transmission
by a factor-of-2. The corresponding intensity in the telescoped harmonic
generation experiment is also showm (A) (taking into account surface
reflections, filter transmission and crystal lengths), indicating a
reduction in UV signal by a factor of 1.55. Thus, the discrepancy
between the observed and predicted increase of the SH UV-signal in the
harmonic generation experiment is almost entirely accounted for by the
observed level of two=-photon absorption. The intensity of the untele-
scoped beam in the harmonic generation experiment is also indicated (B3),
and at this level the two photon absorption should be negligible. No
effect on the transmission at 2660 A was observed when the pump intensity
was varied.

In summary, two photon absorption at 2660 & appears to be important
in limitigg SH conversion from 5320 } at pump intensities around
2.5 GW/cm~., Although large pump depletions can be obtained at higher
intensities, corresponding increases in generatﬁd SH radiation are not
realized. At pump intensities around 600 MW/cm”, the attenuation of the
UV signal from two photon absorpticn appears to be negligible. At these
putp intensities, a conversion efficiency of 237 1is observed, in agree~
ment with values reported elsewhere.

REFERENCES
1. K. Kato, Optics Comm. 13, 361 (1975).

2, C. A. Schwartz, J. L. Oudur and E. N. Batifol, JQE 11, 616 (1975);
J. L. Ouddar, C. A. Schwartz, and E. M. Batifol JQE 11, 623 (1975).
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IT. B. VACUUM-UV AMPLIFICATION

As described above, the generation of tunable picosecond vacuum
ultraviolet (vuv) laser pulses using nonlinear optical upconversion
techniquesl largely preserves the coherence of the fundamental
driving laser beam. However, because of a rather low (frequency)
upconversion efficiency, large amounts of driving
power are necessary both for practical applications2 and for reaching
the threshold level for further upconversion steps. Driving power
cannot be increased without bound because other processes such as
multiphoton absorption limit the power which can be transmitted
through the non-linear medium. It is thus desirable to have amplifiers
between scme of the up-conversion stages to restore the pulse power
level. Sevaral amplifier approaches have been under study at the
Naval Resea'ch Laboratory and are described specifically below fol-
lowing some more general considerations.

II. B.1. INJECTION

The general problem of injecting a short vuv pulse into an
amplifier deserves careful study, Below 1000 & all amplifiers will
most likely be mirror-less gain configurations constrained by the
pumping geometry and probably pumped in a traveling-wave manner
(termed the swept-gain method by Bonifacio, et al.”)., All of these
mirrorless systems, called amplified spontaneous emission (ASE)
devices, normally operate by amplifying and buildirg a pulse from
their own spontaneous emission. Bonifacio, et al.’? have shown that
the width of the steady-state pulse developed by these systems depends
inversely upon the gain achieved. For high peak power applications,

the most desirable pulse output is obtained for the case of high
gain,

The injection of a pulse into ASE systems has been considered
theoretically by Allen and Peters®, While their results do not
apply specifically to traveling-wave excitation, it is useful to
consider their results of output intensity as a function of input
intensity. Figure 7 shows that for the injected signal, I}, to exceed
in amplitude the forward going ASE pulse, I,, the input (x = 0)
intensity must exceed a threshold value which they give as

K (L - Lc)

= S —————————— b
Ib(o)thresh L Lc (1)

where K is a constant, L, is the critical length for threshold
"unity" gain, and L is the total amplifier length. Also, a greater
input signal results in a greater ratio of amplified pulse intensity
to ASE pulse intemnsity., It also seems reasonable to expect an even
greater increase in pulse intensity and a lowering in the threshold
when traveling-wave excitation is used.

11
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or in the absence of spontaneous emission (Ip*). Note that this str.dy does
not consider traveling-wave pumping. [After Allen and Peters, Ref. 4.]

12




e ‘ N T SR it i S e ey L 2 s

R G e
P

II. B.2. TRAVELING-WAVE (SWEPT-GAIN) AMPLIFIER THEORY
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Bonifacio, et a1.3 have considered traveling-wave pumped amplifiers
(without injection) in considerable detail showing that steady state i
pulses with rather wide pulse width arise for the case of limited |
gain; but that for very high gain the steady state pulse becomes a
1t pulse with characteristics similar to those predicted for super- [
radiance. Fig. 8 shows examples of pulse shapes for three B
gain (g)/loss(k) ratios. In the case of high gain it is shown that E
! no limit exists for the power because no cooperation length iimit E
- exists, and that the pulse width decreases as 1/p, where p, is the §
1 inversion density. These results apply directly to the traveling-
: wave pumped No and H, lasers at NRL and the behavior described
(gain narrowing) has been seen experimentally; but the effects of

S ——
T, e

]

4 injecting pulses into the system can so far be judged only by the .

3 theory of Allen and Peters described above. 1

II. B.3. EXPERIMENTAL CONSIDERATIONS :
.
:

' The theoretical treatments presented above are not sufficiently l
complete to model the behavior expected when a 30 picosecond up-

| converted laser pulse is injected into a vacuum ultraviolet amplifier.

‘ Such questions remain as to whether an injected pulse would be

significantly amplified and narrowed in a traveling-wave excited

3 ' medium and whether the input signal intensity threshold can be met.

If a non traveling-wave amplifier is used, a further question is

whether the injected signal will need to be greater than in the

traveling-wave case to compete with the internally generated signal.

Experiments to determine these points are very important. It appears

from the theory that high gains and long lengths are desirable from

the standpoint of raising the amplified input signal intensity

3 well above any amplified spontaneous signal intensity. From the view-

] ' point of easing the acceptance of the frequency of the input signal,

i it would be desirable to have a reasonably broad amplifier band- ;

width. These considerations cause the consideration of two different

types of amplifier: (a) the electron-beam pumped, rare gas (xenon)

amplifier; and (b) the traveling-wave (gwept gain) hydrogen amplifiex. {

(Recent work at NRL by Burnham and Djeu” on chemical lasers such as
XeF spur the hope that broad bandwidth and higher energy might be

l obtained with a long traveling-wave amplifier using vacuum ultraviolet

gain from such molecules as NeF.) Progress on both types of amplifier

will be discussed,.
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II. B.3.A. XENON AMPLIFIER
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A proven 6,7 coaxially pumped xenon amplifier of approximately

! 10 cm length and 4 mm diameter has been ordered from D. J. Bradley of
i Imperial College. This diode will be mated with an existing Fexitron
g high voltage pulse generator which produces approximately 10 J of

600 keV electrons. From an unmodif’ed Febetron pulse generator

¥
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Fig. 8 — Theoretical pulse shapes for a traveling-wave excited (swept-gain) amplifier
for several gain (g)/loss(k)ratios where #/Tg is a reduced (dimensionless) time
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(similar to NRL's), Bradley achieved 3 mJ pulses at 1690 - 1760 &
having 3 ns width wher operated in a resonant cavity. Bradley obtained
9 mJ by lengthening the amplifier and modifying the Febetron to pump
for 5 ns at a 500 keV energy level.

From these oscillator measurements it would, of course be desirable

to make gquantitative statements about the performance of this device

as an amplifier for the 30 picosecond up-converted pulses mentioned
above. It is difficult to predict whether a 5 R wide 30 picosecond
pulse will be able to stimulate and remove all the energy stored.

In the oscillator measurements of Bradley, et al. the emission was

spread over a 70 ! bandwidth. When prism tuning was introcuced the
power fell by a factor of four, but the output bandwidth was reduced

to 1.3 £, 1In this case the xenon pulse had the entire 5 ns pumping

time as well as several passes through the gain medium to attain the

output measured,

Mie58 has calculated the vibrational wave functions for bound-
continuum transitions and has predicted the emission lineshapes.
It would appear difficult for an incoming pulse to stimulate all of the
vibrational levels of xenon, but no data are available to allow a
quantitative estimate of how much energy can be extracted from a
xenon amplifier. Experimental efforts to answer this question are
being initiated.

Since the gain coefficient reported by Bradley, et al. is
0.25 cm~l, an ASE pulse will clearly build-up in addition to the
amplified pulse. Because the ASE pulse will have the entire frequency
band to feed upon, it may contain more total energy than the narrow
band amplified pulse, but would have a longer pulse length (proportional
to 1/p0). In summary, experiments must be performed to ascertain
the input signal required to overcome the ASE signal which will be
generated in this amplifier. Other techniques, such as reducing the
length below that sufficient for ASE build-up, may also be investigated
experimentally.

II., B.3.B. HYDROGEN AMPLIFIER

Several traveling-wave pumped hydrogen lasers have been built.
The largest and most sophisticated is at NRL and produces 1 - 2 mJ
of energy over a number of lines in the 1600 ! region.* When divided
proportionally to their intemsities, each of the strongest lines of
hydrogen would have on the order of 0.1 to 0.2 mJ of energy. This
hydrogen laser operates with more than 0.1 cm? cross section at a
pressure of 30 Torr. (Suggestions* that the Soviet hydrogen laser
energy can be scaled upward by increasing their cross section--

¥In one proposal to ARPA (CMR-P-74-1) the output of a Soviet hydrogen
laser was incorrectly stated as 5 mJ rather than 0.5 mJ.
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presently at 0,005 cm2--may not hold true. The Soviet ability to
operate at high (~ 1 atm) pressure liktly cqmes from surface dis-
charges due at such close electrode spacing.” )

Increased power may also be produced by increasin§ the length
of the traveling-wave discharge. A3 Bonifacio, et al.” point out,
the intensity will grow proportionally to the square of the inversion
density, and the pulse width will decrease inversely proportionally
to the inversion density. Pulse shapes corresponding to Bonifacio's
high gain case have been observed emerging from the forward direction
of the NRIL traveling-wave system (Fig. 9), while pulse shapes
corresponding to muchk lower gain (greater pulse widths) have been
seen from the reverse direction, These experimental
results confirm the theoretical trend predicted by Bonifacio, whil®
also emphasizing that a lower gain reverse direction pulse does
build up in a swept-gain system.

IT. B.,3.C COMPARISON OF AMPLIFIERS

To summarize and compare these two vuv amplifiers, Table I
lists some of the pertinent characteristics. Xenon appears to store
more energy, but its wide bandwidth may greatly reduce the energy
which can be swept out by line radiation. Also it is difficult
to estimate the effect of repumping rn the energy obtained from xenon
in oscillator experiments. On a narrow equal bandwidth basis the
intense lines of hydrogen may provide more cnergy; it is certain
that the Hy numbers shown have not been increased by repumping
since the transition is self-terminating., Both systems will amplify
their own noise, and this may present problems in obtaining a maximum
gain for low injection powers. Some power increase may be obtained
by the pulse narrowing in the traveling-wave pumped system.

As shown in Table 2 the gain ceofficients, gain lifetimes, and
cross sectional areas are comparable. Presently 100 cm and 160 cm
long hydrogen lasers exist at NRL and the length of these traveling-

wave systems can be increased, in principal, without limit, Extension

of the active length of the coaxial xenon amplifier is possible with
higher energy electron beam systems, but the finite cooperation
length would limit the length to about 150 cm.

While not elzborated upon here, both systems present about equal
problems in synchronization with the picosecond injecticn pulse. The
longer lifetime of xenon may assist somewhat, bu: this cannot be

assessed without a knowledge of when and with what precision the extermal
picosecond pulse must be injected to enable it to dominate the spontaneous

noise that will be amplified.

Some consideration should be given to new traveling-wave pumped

discharge systems such as NeF which would amplify at shorter wavelengths

(~ 1070 A) and which may store even greater energy than with Xenon
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PULSE NARROWING IN GAIN-SWEPT* AMPLIFIERS

I I l l I

HIGH GAIN DIRECTION
(X 100 ATTENUATION)

../ 4 Jin 1 +

0 0 20 30 40 50 60ns
| | | I | :
LOW GAIN DIRECTION /4

-J | | | t !

o) 10 20 30 40 50 60 ns

Fig. 9 — Measured output pulse shape for the forward high-gain direction of a
traveling-wave excited laser, and the shape of the pulse traveling in the reverse
direction where the gain is much less
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TABIE 2
COMPARISON OF XENON VS. HYDROGEN AMPLIFIERS
#*
_Ez_ Xe2
Wavelength 1610 & 1690-1760 L
(Peak at 1730 1)
Energy Stored (Total) 1 -2md 3 -9 mwJ
Energy Available (0.1 & bandwidth) 0.1 - 0.2 mJ ?
Gain Coefficient ’ 0.18 cm_1 0.25 cm_1
Gain Lifetime 1 -3 ns 5 - 10 ns
Active Length Available
For Amplification 100 cm 10 cm
Active Area 0.1 cm2, 0.125 cm2

for the same configuration These chemical lasers may generate
enough power in an ASE mode to allow hfﬁher harmonic up-conversion
to follow, giving wavelengths near 200 A or lower (e.g. 3rd, 5th,
and 7th harmonics of 1070 & = 357, 214, and 154 X, etc.). The
coherence would be limited, however, as with any ASE system.

It is difficult to decide at this time which of these very
different approaches will be best suited for amplification of an
injected short pulse coherent beam. Considerable practical experience
in the swept-gain amplifier has been acquired at NRL and the cencept
of swept gain has vital general importance to short wavelength
laser generation, particularly since it operates without a resoaant
cavity. (Indeed, considerable effort is presently being spent in
extending the device to shorter wavelengths with electron conllisional
pumped ion transitions as described in Section III.D. For the
initial experiments and for an input pulse of several Angstroms width,
instead of 0.1 L in Table 2 xenon may provide comparable energy
and also may be easier to synchronize with the injection laser
initially. Both amplifiers need much experimental investigation to
characterize their performance. This is to be expected, of course,
for an advanced concept of this nature, and attempts to increase the
input power may pay great dividends in increased amplifier performance.
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i ] III. ELECTRON COLLISIONAL PUMPING

3 '

«

Pumbing of population inversions in ions by inélastic collisions.
of free electrons in high temperature plasmas is attractive, since

s proven laser transitions can at least in principle be then extrapolated
to shorter wavelengths along isoelectronic sequences,

"ITI.A. NUMERICAL MODELING

g The overall x-ray laser numerical modeling effort during this
! reporting perlod is included in this section rather than separately as
| in previous reports, since the current results are most appropriate for
guidance of the electron-collisional pumping experiments., The numerical
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program under continual development is, however, of sufficient general
applicabil'ty for extension to other schemes, as will be described in
Section III.A.3 be” -7,

ITL.A.1. 3p-»3s LASING WITH CARBON-LIKE IONS

Development of the analysis and modeling for electron-collisional
pumping of ions along a particular isoelectronic sequence is detailed
in the three previous reports in this series and in publications "~ and
will not be extensively reviewed here. The advantages of quasi-cw
operation as well as an extrapolation from proven near-ultra "iolet laser
transitions in light elements remain.

The initial analysis as well as the initial numerical modglipg 2
were performed for lasing on 3p-3s transitions pumped from a 1s,2s 2p
ground configuration in a 6-eleccton carbon-like ion (such as 0 ') as
shown in Fig. 10. Encouragingly large gains were predictc: for rather
moderate densities (such as typically produced in the H, discharge laser
device). With the major intemt to pump such ions exper%mentally in a
laser-produced plasma with a second synchronized short pulse laser (Fig. 1D,
it became clear that a higheyr density plasma would be required, since
inverse bremsstrahlung absorption in relative shoEE 1eg§ths occurs only
for densities approaching the critical value (~0 =~ cm = for 1 pm
radiation). For this reason an extension of the analysis and modeling
to higher densities was undertaken. During this repoEEing per}gd, we
have concentrated on "critical" level densities of 10~ and 10 cm
corresponding to the neodymium, ruby, or frequency-doutled pump-laser
ranges. This decision followed from the experimental results described
in Section III.C. below on interfreometric diagnostics of the expanding
laser evaporated plasma, as well as from space-resolved diagnostics
from the charge transfer experiment (Section IV), which indicated the
presence of a very thin (few micrometers) near-critical-density layer
in which absorption would dominate (possibly from a normal incidence
second pumping pulse).

The modeling to date includes electron-collisional as well as
radiative-decay processes betwzen all nearby levels for carbon-like
ions for Z=20-45, and indicates peak gain coefficients for 2=25-30
(700-300 % laser wavelength range) in the range of 50-300 cm = for
kinetic temperatures of KT & 500 eV to 5 keV (considered reasonable for
present and near-future laser heated plasmas). In this high density
modeling, electron and ion temperatures are assumed equal due to ex-
tremely short energy-equipartition times in the plasma. Other processes
such as ionization and recombination as well as resonance-radiation
absorption are yet to be included, with some expected effect on the
results, The resonance-radiation trapping is expected to increase the
lower laser state accumulation density and could possibly lead to restric-
tions on the maximum diameter of the linear plasma, i.e., to be maintained
nearly optically-thin in the transverse direction. These effects are
currently being added to the model and the final resulis presented in
the next report in this series.
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1s” 2s” 2p
Fig. 10 — Simplified energy level diagram for 3p—>3s lasing in 6-electron
carbon-like ions showing the most relevant interaction channels so far in-
cluded within a specific ion. C, D, and A represent collisional excitation,

collisional deexcitation, and radiative decay, respectively. The dashed
lines represent alternate upper-level depopulation channels.
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III.A.2. 3s-2p LASING WITH HELIUM-LIKE IONS

The 3p-3s scheme described above is most promising in the hundreds-

of-Xngstrom range. For shorter wavelengths, there is a similarly prom-

E ising 3s-2p singlet transition jn 2-electron helium-like ions, pumped by
electron colljsions from the 1s° ground configuration as shown in Fig. 12,
For ions in the Z=12-25 range, lasing with wavelengths between 12 and 70 4
could be expected. Preliminary modeling as described above has also been
extended.to such ions and indicates maximum gain coefficients in the
3-15 em = range for temperatures between 2 and 10 keV. Again, the addi-

1 tional processes described above are being included in the modeling for {

: this transitions, and the results will be detailed in the next report.

It is worth noting that helipm-like ions have already been observed in

3 laser-produced plasmas for Z as high as 22 and in vacuum spark plasmas

for Z as high as 29.
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A preliminary analysis indicates that the required pumping power
) densities are not considered to be a problem for these schemes, once the
: ions are created. A portion of the continuing modeling will be devoted
to predicting the feasibility of direct measurement of inverted-level
population densities prior to the demonstration of significant net
amplification.

III.A.3. EXTENSION OF MODELING TO OTHER SCHEMES

The present modeling has more general application than these two
particular schemes. With the inclusion of additional radiative transfer
effects it will be convenient to adapt the present numerical program tog
model a resonance radiation absorption pum:ing scheme recently proposed ’’.
In this scheme, intense resonance line raciation emitted from an ion in
a plasma is to be absorbed by a second ion, exciting an electron to a
higher lying level from which lasing can take place to a vacant lower
| level, with subsequent rapid decay to the ground state. This scheme has

the attraction of preferential excitation of a particular level and relies
on the coincidence of matching transition energies in two ions, several ¥
of which have been identified already. Problems such as maximum collec-
/ tion efficiency of the pump radiation and additional effects of collisions
€ have not yet been fully addressed and will be included in the numerical
' modeling codes.

In the following three sections will be described the current
results and status of the dual-laser plasma-heating experiment, as well
. as plans for investigating the 3p-3s and eventually 3s-»2p laser transi-
’ tions described above in both the laser plasma and transverse electric
: discharge devices,
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Fig. 12 — Simplified energy level diagram for 3s—2p lasing in 2-electron helium-like
ions showing the most relevant interaction channels so far included within a specific
jon. C, D, and A represent collisional excitation, collisional deexcitation, and radi-
ative decay, respectively., The dashed lines represent alternate upper-level depop-
ulation channels.
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III.B. SYNCHRONIZED DUAL LASER SYSTEM

Before proceeding to a description of recent experiments with the
dual laser/plasma experiment shown in Fig. 11, = description of recent
progress in development of the laser system is presented.

The laser facility is now operational, and most of the effort in this
area has been directed toward application of the system to experiments
described in other sections of this report. Construction and charac-
terization has been described in the three earlier semiannual technical
reports. To summarize briefly: two Nd:YAG laser oscillators, one mode-
locked, the other Q-switched, are synchronized. A single 25-psec pulse
from the mpde-locked oscillator is produced with variable delays and with a
jitter of =0.1 nsec with respect to the appearance of a rectangular
segment of the O-switched pulse of duration from 1 to 10 nsec. Both
laser outputs are at the 1.064 pm Nd:YAG wavelength. The 25-psec
pulse is amplified and divided in a Nd:YAG amplifier chain to produce
200 mJ pulses separated by a variable delay. A segment of the Q-switched
pulse,is amplified in a Nd:glass amplifier chain to an output power level
of 10°W. The two lasers are used either synchronized or individually as
the experiments require., Laser development performed during this reporting
period included the final characterization of the single-mode Q-switched
oscillator and the addition of an isolating Pockels cell at the output of
the Q-switched amplifier chain,
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It was necessary to add the Pockels cell for the plasma experiments.
Without the isolation provided, reflections of the laser pulse returned il !
through the amplifiers and damaged the polarizing prism and the Pockels
cell in the shutter that selected the segment of the Q-switched pulse
(Fig. 13). Damags to optlcal components ceased with the addition of the S
isclator. Also, secondary pulses on target and anomalously deep holes
drilled in the target by the laser beam were prevented with the iso-
lation installed. Voltage is switched to the isolating Pockels cell
when a laser triggered spark gap is fired by a portion of the beam from
the Q-switched oscillator (Fig. 13). The isolator shutter stays open
for 14 nsec, long enough to allow complete transmission of the Q-switched
pulse segment., Light requires 29 nsec to travel the 4.4-m distance from
shutter to target and back to the shutter, In that time voltage is again
removed from the Pockels cell, and reflections are prevented from entering
the amplifier chain,
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Single-mode operation of the Q-switched oscillator is desired to
provide well -defined pulses for laser plasma studies and to allow
maximum amplification, while avoiding damage due to excessive instantan-
eous intensities. Such single-mode operation was achieved with a short
build-up time of 125 nsec, which allows synchronization with the pulse
tr vin of the mode-locked oscillator. Frequency selection was obtained
with a two-element resonant reflector and a birefringent filter of
cvlcite. The cavity Q was not completely spoiled to allow buildup of
~uasimonochromatic radiation before the cavity was switched to high Q.
The birefringent filter discriminates against widely spaced cavity modes, «
and it is tunable to the peak of the Nd:YAG fluorescence by rotation ’
of the calcite crystal. The resonant reflector consisted of a flat 45%
mirror and a 5 cm thick fused silica flat, with ends parallel to within
3 seconds of arc, The resonant reflector provides discrimination against
oscillation on adjacent modes, and its peak reflectivity is tuned to the
transmission of the filter by fine adjustment of the spacing of the two
elements. This adjustment is provided by a translation stage driven
by a differential screw micrometer with resolution of 1/8 wavelength,

With proper adjustment, single mode operation was obtained and would
last for typically 10 shots before readjustment was required.

i i i . Cra
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It is necessary that the resonant cavity be held stable to inter-

i ferometric tolerances to maintein frequency selection characteristics.

The oscillator is affected by changes in temperature and air pressure.

i Thermal_gxpgnsggn coefficients for common alloys are typically

- 20 X10  (C) ~. To hoid the length of a_l-m bench constant to 1/4 um

g requires a temperature stability of 0.0013%. A stability of 1/4 um

| in cavity optical length requires thatoaif pressure be constaut to 0.7 Torr
i | and air temperature be constant to 0.3°C ~. A sealed, temperature
|

:
::1
'ﬁ

controlled enclosure with constant gas density would be required to obtain
longer-term stability of single-mode performance. 1If the Q-switched
laser is operated independently, a short build-up time will not be re-

| quired for synchronization. 1In the case of independent operation it

f would be simpler to use a saturable absorber Q-switch. The long
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build-up times of thgsg Q switches greatly reduces the problems of

frequency selection 7.
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II1.C. LASER/PLASMA EXPERIMENTS

During this reporting period, the dual-laser system just described
was used mailnly for plasma measurements (the mode-locked laser alone
was also used for analysis of losses in up-conversion as described in
Section II.A.).

One of the proposed methods of achieving short wavelength lasing
via electron collisional pumping is to make an elongated plaesma by
focusing a pulse from a Q-switched Nd:glass laser with a relatively
long pulse length onto a slab target; and to subsequently inject a
second, shorter pulse from a mode-locked laser into the expanding

‘plasma as shown in Fig. 11, The role of the second laser pulse is to

heat the expanding plasma rapidly enough to create a high-temperature
plasma state which will result in an inverted population in the n=3
level (Section III.A.). The Q-switched glass laser pulse should be
powerful enough to produce a sufficient number of the desired ionic
species of multiply ionlzed atoms., Several experiments were performed
to characterize the expansion of laser-produced plasmas. Pulses of
5-nsec duration and 4J energy from the Q-switched laser were used to
produce Mg plasmas which were investigated with VUV spectroscopy. As
described in the last semiannual report, spectroscopic data were
obtained showing line radiation arising from such ionic species as Mg X
and Mg XI in the x-~ray region betwgen 7.5 & gnd 9.5 &, from Mg III,

Mg IV, and possibly a Mg VII 2p3s ~P - 2p3p "D transition near 1625 f.

This lasing scheme also requires a rather careful selection of the
time-when, and the location-in the expanding plasma where the second
laser pulse is injected., This restriction results from a combination
of a maximum electron density (dependin-~ on the element) above which
the level coupling becomes collision douiinated and, perhaps more impor-
tantly, on a sufficiently high density tou absorb the pump radiation

from the short-pulse laser in a finite plasma length. The last condition

implies densities approaching the "critical' value as described in
Section III.A. above.

28

s R ol | apml) e T el O TR 5 it ta LB

T e r
oo o aine S tell Lol R

-

kI

R N e e PRI, Sy oy e W

el R b




PR = TR % R
y 4

It is therefore essential to have detailed information on the charac-

teristics of the expanding plasma, including the electron density

3 profile as a functior of time. Unfortunately, no previous work in this
direction has beem made, particularly for the case of the line focus,

y The purpose of the present study is to obtain suchlsxperimental data

b with high spatial (~ 10 pn) and temporal (~5 X 10 sec) resolution. ]

: One way of acnieving such a goal is to use a micro-interferometric |

technique  which allows one to probe the plasma with spatial resolution I

4 much smaller than the focal spot size (50 um for the_point focus).

3 Because of the high streaming velocity (v ~ 3-4 X 10 cm/sec) of the

expanding plasma, the spatial resolution of the required magnitude can

only be obtained with probing pulses lasting less than 100 psec. | .

SR T
b

ﬂ The experimental arrangement2 is shown schematically in Fig. 14 .
A where the focusing optics for the Q-switched laser beam, the probing E
laser beam, and the interferometer are indicated. A simple Jamin-type |
interferometer is placed inside the targer vacuum chamber, with the E
4 probing laser beam passing parallel to the target surface and transverse >
to the Q-switch glass laser beam. The 30 ps, mode-locked Nd:YAG laser
l which is frequency doubled (A = 0.53 um) through a KDP second harmonic i
generating (SHG) crystal is utilized as a probing beam, and the inter- :
?; | ferometric image is photographed through a 10 X telescope on ASA-3000 |
;- speed polaroid film, With the present arrangement, the spatial resolu- { 8
tion of the interferogram is limited at about 10 um by both the length 1
I of the probing pulse and the imaging optics. The arrangement (see Fig.15)
{ for the synchronization of the Q-switched laser and the mode-locked
\ laser is described in the previous semiannual reports. The plasma is
4 generated from either a point (= 50 um) or a line focus of the Q-switched A
4 glass laser at three different pulse lengths of 1.5 ns, 2.5 ns, and 5,5 ns ]
' and at power levels of about 1 GW. The targets used in the experiment ¥
are slab targets of aluminum (1 mm, 0.25 mm, and 0.025 mm thick), mag-
nesium, and polyethylene.

Figs, 16 (a and b -- enlarged for detail) show interferograms from

from a 0.25 mm A4 target irradiated with a point focus and a 2,5 ns

pulse duration. The time evolution of the plasma expansion is obtained

i with separate shots by varying the delay time between the main laser

£ pulse and the probing laser pulse. The delay times shown in the figureg

are measured from the 10% point on the rise of the Q-switched laser pulse. i
As can be seen, during the early phase of the expansion (< 0.3 ns) the E

i plasma is a well-defined hemispherical shell with a diameter roughly the

3 same as the focal spot size. It expands rapidly outward until the ,

ﬁ v cessation of the Q-switched laser pulse., The boundary of the opaque :

B region corresponds to the region of high electron -density gradiant,

where the probing laser beam is deflected out of the telescope due to i

a large refraction in the plasma. After the cessation of the laser 3

pulse, the expanding plasma front becomes increasingly diffused and the E

shell (opaque region) flattens and expands parallel to the target sur- :

face, Figs.17 (a, b, and c) show similar interferograms obtained with -

a line focus on a Mg target, where the axial as well as side view of the

29




b w]s4s Buiplosel pue ‘IMemolapajul adA)-uTurep ‘weaq Jase] Aurqold
- (wr gg°p = y) paignop Asuanbaxg ‘sonydo Hwstidog 1ase] Summoys weiderp onewayps — $1 94

43d170H W4

E 3S7INd 93512
F rl ‘"e0|

HOLV0SI C
7739 $13%00d

. T

VH3IWVO
AV3IHLS

AV13a
378VINVA _

/\

S

SH3111dS

/ \ -Wv38

AN

3402831731

3001d0L0Hd

; —
= TVLSAHD </ e At
. 9HS ; oesd Gz ‘rigg’

H3I8WVHO
1394VL
Q31vNOvA3

30

- - et et e e e e
a3 D R 5 *
i & I fwmw.&n. R e B S

L G a

S A

é.:':'. - F

=

A e e e s e




(z2su] Buiqoad) semd DV L PN payd0| spom
‘sd gg Dum Iese] SSE[S:pN POUDILMS-}) UaaM}aq IWAYE UONEZIUOIYIUAS — ST "Big

F u.._ —
N
_ 205U O¢
HOLYTI9S0 Q3HJLImMS-D
r A A
- T139  WSINd
. ST13%J0d ONIZINVIOd e Eea Emed
H ; ONIZIMYI0d ST13XNI0d ONIZIEVI0d
, > L < _
| ] o

31

dv9 MHVdS

FHINDIHL | d¥vD AHVLS
¥3Isy: Q34399141
1 dv9 MHVdS H3sv
= 300100 L0Hd ¥38M0SaY
378VHNLYS

1

i
| d. - 7 % o

H3141IdNY

WSiud 7730  WSlkd

\ v / ONIZINYIOd S13IND0d  9ONIZIMYIOd

MOLVTTIOSO Q3%001-300W ___ —

| i




st T

| |
{
! |
i

- e T 2.0
nsec nsec nsec

Fig. 16(a) — Interferograms (with no background fringes) showing time evolution
of expanding plasma. The plasma is produced by irradiating a 0.25 mm A{-target
with a point focus and with a 2.5 ns laser pulse duration. The time sequence is
obtained with separate shots by varying the delay time between the main laser
pulse and the probing laser pulse.
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Fig. 16(l) — Interferograms (with no background fringes) showing time evolution
of expanding plasma. The plasma is produced by irraciating a 0.25 mm Af-target
i with a point focus and with a 2.5 ns laser pulse duration. The time sequence is

; obtained with separate shots by varying the delay time between the main laser
pulse and the probing laser pulse.
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elongated plasma are recorded. The interferograms taken along the

axial view have background fringes, allowing time- and space-resolved
electron density measurements to be made., The electron density of the
expanding cylindrical plasma is plotted as a function of distance away
from the target surface at various time delays in Fig., 18. Since the
plasma is considerably elongated along the line of sight compared with
its width, a vigorous Abel inversion of the experimental points is not
required for the present study. As can be seen, the electron density
gradient of the plasma front is fairly steep at the early stage of the
expansion, but the front becomes quickly diffused as time elapses, par-
ticularly after the end of the laser pulse. As mentioned earlier, the
maximum electron density measurable is limited to value of about 2.5 X 10
electrons/cm~ due to the steep electron density gradient at a distance
about 100 pm from the target. Note that there is nearly a two orders-of-
magniﬁ&de gifference in electron density at this location and the critical
(~1018 cm., ) surface. The lower limit of the measurable electron density
(~10"" cm”) on the other hand is determined by the minimum detectable
fringe shift (~ 1/4 fringe). In Figs. 19 through 21, the location of
extreme detectable edge of the plasma is plotted as a function of time

for three different Q-switched pulse 1elf§ths__.3 The electron density at
this position is roughly constant (~ 10 cm ). The following conclu-
sions can be derived from such experimental data:

19

1) The acceleration of the plasma takes place at very early times
(< 200 psec) and within a very short distance from the target (< 50 um).

2) The velocity of the iso-density front remains nearly constant
during the duration of the laser pulse (except in the c?se of the longest
pulse duration) and the measured velocity [(3.5 - 4) 19 cm/igc] is 3
apparently independent of the laser power density (107" - 10 watts/cm™ ),
the laser pulse length (1.5 - 5.5 ns), and the target material.

3) 1In the case of a very thin target (A4: 250 pm and 25 pm thick)
the iso-density front contracts rapidly towards the target as soon as the
laser pulse ceases.

4) 1In the case of the polyethylene target (~ 2.5 mm thick) the
velocity seems to remain constant (~ 3.5 X 107 cm/sec) until well after
the laser pulse.

5) The plasma produced by the line focus remains relatively stable
and free of macroscopic plasma instabilities during and well after the
duration of the laser pulse.

REFERENCES

1. D. T. Attwood and L. W. Coleman, Appl. Phys. Lett. 24, p. 408, 1974;
D. T. Attwood, L. W. Coleman, and D, W. Sweeney, Appl. Phys. Lett. 26,
p. 616, 1975. L
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Fig. 21 — Iso-electron density front of expanding plasma as a function of time, The 0.25
mm Af and polyethylene targets are irradiated by the 1.5 ns main laser pulse.
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I1I.D. PLANS AND ALTERNATIVES

While it is still premature to attempt to pinpoint either a single
most promising transition or the best experimental approach and condi-
tions for electron collisional pumping, a brief summary of current thinking
is perhaps in order at this point.

III.D.1. TRANSITIONS AND OPERATING REGIMES

The two schemes currently being modeled as described in Section
I11.A. above, namely 3p-3s and 3s-2p, are representative of typical
vacuum-UV and soft x-ray possibilities and possess the additional attrac-
tion of potential quasi-cw operation and extrapolation from existing
near-UV lasers. They appear to be appropriate test cases for modeling
"conventional" electron-collisional pumping at least. The results derived
to date are probably most reliable for the 3PT93 tg}nsition in the vacuum-
UV region at "moderate' plasma densities (~MO0"~ " cm ~), where resonance
trapping and collisional mixing effects can be minimized and, perhaps, an
enhanced electfon temperature (conpared to ior. ten, -ature) can be main-
tained for a vseful lasing period, yielding even high gain. At higher
densities, the analysis becomes more complex as such additional effects
are added and the full impact is not yet known. The most recent mode }ng -3
described above is at very high "critical absorption" densities (~ 10°" cm s
and it is possible that some intermediate value wiil prove to be most
promising.

III1.D.2. LASER/TARGET PRODUCED PLASMAS

Frou the extensive diagnostic experiments described in Section III.C.
above, it appears clear that small, cylindrical plasmas created by vapor-
ization of target material by a foigsed_gigh-power laser beam are best
defined at density greater than 10°° cm ~, a regime where further modeling
will be necessary to fully access the potential in a freely expanding
plasma of this sort., It is also clear now that [urther impulse heating
would have to be performed near a normal to the target surface plane
rather than transverse (axially) as iQSicaETd ig3Fig. 11, since signifi-
cant absorption only occurs in the 107 -10 cm density range very
close to the target surface in a high gradient region. It would be
extremely difficult to align and synchronize 2 narrow beam with a uniform
layer in such an orthogonal configuration. It is with these thoughts in

mind that the agilysig described in Section III.A. above are underway at
a density of 107" cm ",
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III.D.3. TRANSVRSE DISCHARGE DEVICE

Electrons have a much shorter absorption length than photonsl?nd -3

- are more attractive for plasma heating at moderate densities (~0~' cm ~).
E . A transverse excited traveling wave discharge device such as developed
at NRL for Hzlasing operates in this density region over lengths of 1
meter or more, and should be cousidered further for electron-pumped jon
laser development:. An encouraging factor here is a past observation
1 of CIV emission at low pressures, probably initiated by surface discharge
vaporization. [lhere was alsoBEVidence of net gain on the 2p»2s resonance
\ , lines (mear 1500 A) of this C”' species, It is therefore planned for the
next reporting period to further study ion production in this device,
e with one goal being the achievement of 3p-3s lasing. Initial studies will
1 concentrate on reproducing the C IV results with increased supporting
diagnostics, on ascertaining the axial distribution of emission, and on
comparing with other carbon-line emission. An understanding of the
mechanism for amplification on the C IV lines observed would be of im-
mense importance, both for the possibility of isoelectronic extrapola-

A tion of lasing to shorter wavelengths and for the very fundamental e

1 process of inverting a r2conance transition involving a lower ground
. . gtate of an ion.

I - III.D.4. SUMMARY

In summary, current high density modeling will determine the fi.ture
} direction of laser/target plasma experiments for electron-collisionil
pumping. Reactivation of the transverse discharge device at low pressure v
operation with improved diagnostics will ascertain the desirability of
proceeding with and expanding future efforts in direct discharge heating !
for this basic pumping scheme. '

| REFERENCE

! 1. R. W. Waynant, Appl. Phys. Letters 22, 410 (i973),

IV, RESONANT CHARGE TRANSFER PUMPING

Ion-atom collisions in which the resonant charge transfer process
predominates Ea¥e3been discussed in previous reports for this program
and elsewhere, >"’” and particularly promising ion-atom combinations have
been cited. The initial experiment to determine enhanced level popula- ;
tions of specific spectral lines is diagrammed in Fig. 22, The 6 Joule, 4
20 nsec laser pulse is point focused onto the carbon target to obtain i
the maximum laser beam energy density. Analysis of the laser plasma ﬁ
emission as it expands into a background gas is primarily done using :
spatially-resolved grazing-incidence spectra.
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IV.A. SOFT X-RAY SPECTRA

Enhanced level populations will be determined by comparing line
ratios obtained with a background gas to line ratios obtained in a
vacuum. In order to facilitate this determination, and as a check on the
reproducibility of the experiment, a plot of ph?togra hic density vs.
distance from target was generated for the CV n'P - 1S series Im vacuum.
These plots are shown in Fig. 23 (and can be converted to exposuve Vs,
distance). The curves will be adjusted as additional vacuum data be-
come available; however, their basic features are expected to remain
intact, At distances greater than 0.8 mm, the total line intensity
ratios scale approximately as expected, particularly for those lines
associated with traniitioni originating on levels with principal quantum
nurber n 2 3., Tne 2P » 1°S first resonance line appears to have an
enhanced emission which may be associated with a correspondingly higher
oscillator strength compared to the other 1lines of the series. In the
region below 0.8 mm a deviation from the normal intensity probably results
frow reabsorption caused by opacity effects. These curves are used to
establish the vacuum line-intensity ratios for comparison with the
background-gas line-ratios.

Grazing incidence spectra of the 1as§r plasma formed at the surface
of a carbon tuarget have now been obtained” with and without helium back-
grou?d gasy The analysis remains inconclusive at this point because the
CVnP 1S (n=3,4,5) lines are very weak in the region of interest
(see 1IV.B. below) and are below the linear range of the emulsion density-
exposure characteristic curve. Plans are now underway to move the target
closer to the entrance slit for better x-ray collection. Also, laser
reproducibility is being checked in anticipation of having to take more
shots per plate exposure.

IV.B. VISIBLE HELIUM SPECTRA

In addition to the grazing incidence spectrograph, both prism and
grating spectrograpiis were set up to observe the visible region of the
laser-plasma emission. These were stigmatic instruments whose main
purpose was to determine the ratio of neutral helium -to -He ign cog-
centration, especially around the plasma density region (£ 107" em 7)
where charge transfer is expecged to be observed. Extrapolation of
data from a similar experiment indicates this density region occurs
around 2 mm from the target surface. An excess of He ions in this
region would indicate a depletion of carbon ion-neutral helium charge
transfer reactions, In Fig. 24 portions of the visible spectra obtained
using a carbon target ar® shown with tentative line identifications. The
top spectrum was taken with a stigmatic prism spectrograph. Because of
the limited resolution of the prism instrument at longer wavelengths, a
portion of the spectrum was observed with a 0.75 m grating spectrograph.
This spectrograph produced the middle spectrum of the figure. In order
to isolate the HeII 686 L line from nearby carbon emission, the bottom
spectrum was taken through the grating instrument using a boron-nitride
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; i Fig. 24 — Spectra of the visible/near-UV emission from a laser-target plasma im-

3 ) 1 mersed in a %0 Torr He background gas. The top spectrum was taken with a

quartz prism spectrograph which observes 59 mms of the plasma, both tnrough |
the acrylic plexiglass chamber wall and also through a quartz window. The |

£ second and third spectra were taken using a normal incidence grating spectro- [
graph with a linear plate factor of 11 A/min. In the bottom spectrun) a boror. P
nitride target was used; the top two spectra were taken with carbon targets. 7
Emphasized here is the presence of two He™ ion lines (He II) at distances greater A
than 4 mm from the target surface. A
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target. Although preliminary observations indicate a weak He' (and strong
neutral helium) concentrati.n begiEhing several millimeters away from the
target, and a mininum amount of He' within 5 mm of the target, a conclusive
determination of the location .of Hetions will be obtained when the Hell
lines are completely identified and analyzed. This identificaticn pro-
cess is now in progress. Note also in Fig. 24 that many of the neutral
helium lines (at 4471 i, for instance) continue into the continuum sur-
rounding the target, indicating the strong presence of neutral helium
throughout the plasma region.

1V.C. PLASMA DIAGNOSTICS

Line identification of the carbon target spectrum, especially the
impurity line emission, is helpful in obtaining the plasma temperature
ir spatially resolved regions. This line analysis is continuing, and
determination of several persistent impurity lines in the grazing in-
cidence spectrum (which have been observed but not identified in other
experiments) have been made. These ines have now been identified with
392 transitions in a litbium-like Na impurity iom. They occur in the
region of the plasma near the target and indicate a plasma temperature

in that gegion of around 100 eV, consistent with the appearance of
strong C°  ion lines in the same area.

A knowledge of th: plasma density in the very dense, near-target
region would be extremely helpful in several respects. Information on
the density in this area can be extrapolated to greater distances by
relative line broadening measurements. Also, the space-resolved soft
x-ray spectira can yield valuable information on the critical density
layer for the electron-collisional pumping research described in Section
11T above, and possibly for the resonance-line absorption scheme to be
modeled soon. ‘ :

Two surprising f?atufes of the soft x-ray carbon spectra, besides
the relatively weak 2"P-»1 S CV resonance line in the Ligh density region,
are “he strong satellite lines fgr C IV and the presence of an intense
line at the wavelength for the 27pP-1"35 intercombination line, which is
not expected to be present at such high densities. A preliminary
association of this latter line with, instead, a plasma satellite line
yields a density very close to the critical plasma density expected for
laser absorption. This is a matter deserving further study, particularly
if the high-dersity collisional pumping modeling continues to prove
optimistic,

1V.D. TECHNIQUES

In the previous semiannual technical report a problem with target
debris clogging the spectrograph entrance slit, especially with back-
ground gas present, was outlined. At that time an apparatus to back
flush the slit after each shot was being designed. This unit is now
installed and has successfully eliminated the slit debris problem.
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i Because of some inherited surface damage to the laser rod, the maximun

: power of 500 MW could never be realized without further damaging the ruby
rod. 1In order to increase the power and simplify the laser damage situation,

E the ruby rod has been replaced with a neodymium glass rod (which requires

no antireflectance coatings). The Pockels cell crystal suffered from !

similar surface damage and is presently being replaced.

IV.E, ANALYSIS

! Stimulated by a recent discussion with Professor Isler from the
University of Florida following a conference presentation, the
g charge exchange cross section analysis was reexaamined. After a recheck
- of the Zwally-Koopman formulation presently used for calculating Landau-
4 Jener cross-sections and further communications with Professor Isler,
: calculations were also completed using the Landau-Zener type approach
preferred by Professor Isler. Both methods gield similaﬁ results and
[ predict a high cross section for the He + ¢t -+ me + ¢t resonance
i charge exchange reaction ¢ 'rrently under study. Again, it should be
f emphasized that the Landau-Zener theory, when applied to our situation,
: | is at best inexact because of the approximacions made in the derivation.
3 ‘ The theory should be used only as an indicator of the transition most
| likely to experience the resonance charge transfer effect. In this re-
s spect, the relatively simple experiment serves as a check on “-he applica-
bility of the theory.
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V. SUMMARY

As planned, we have concentrated during this repcrting period on
definitive measurements, at some cost in pump-source development, for an
interim assessment of the approaches pursued with the continued goal of
identifying a promising approach in FY-77 for runcentration of develop-
mental effort. The most significant advancemen.s during this reporting

] period for the various program areas are as follows:

2
L

Sl S T

NONLINEAR MIXING AND AMPLIFICATION

E 1. The emphasis during this reporting period hes been on optimiza-

; tion of the tunable visible emission prior to transfer to the
vacuum-UV region. The significant progress towards this end in
the various components involved is in understanding the limitations
X on efficiencies as reported in Section II. Adaptation of the

H, laser for integration with the frequency upconverted beam has
begun.

| ELECTRON-COLLISIONAL PUMPING EXPERIMENT

2, Extensive intexferometric studies have resulted in the first
| detailed density profiles from a laser-evaporated target plasma
on a 30 ps time scale. Both point and line focus configurations
| were studied. The results indicate a large density gradient
very close to the target surface for the high densities required
for absorption of a second pumping laser beam. Also, a deteriora-
. tion of cylindrica}ssymgstry at expansion distances required for
'3 densities below 10 cm ~ is to be expected. The present con-
clusion is that near-critical demsity absorption of a normal-
J incidence beam is the more desirable configuration, and modeling
is proceeding in this direction as summarized below.

3. Planning of tests at lower densities (consistent with confidence
in present modeling) were begun, based also upon promising ex-
perience with a gransverse discherge traveling-wave device at
low pressure operation. Definitive measurements on this device

are planned for the next reporting period in this portion of the
program,

RESONANT CHARGE TRANSFER EXPERIMENT

3 4. A mapping of CV and CVI spectral lines in the scft X-ray region
E . | as a function of distance from the target has indicated signifi-
: cant reabsorption of the first resonance line in the high-density
é region close to the surface. However, higher series members
appear to emit in reasonable intensity ratios and should be reliable
for relative comparisons with helium-background spectra, particu-
| 1ar1y1§urtb§r from the target where the desired densities
: (107" em 7) occur for this process.
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5, A very preliminary analysis of spectral features in the high-
densi§¥ reg}on indicate the possibility of a critical density
(~10"" cm ) layer, which would be in support of the electron
collisional pumping experiment described earlier. Space-
resolved visible-spectra have been obtained for He [ and He II
lines, from which the ratio of helium atoms to ions can be es-
timated as a function of distance from the surface. Present
results do not indicate a high degree of preionization which
would be detrimental to an efficient carbon-ion/neutral atom
interaction zone,

ANALYSIS AND MODELING

6. Development of a quite general numerical model has continued with
present emphﬁiis og electron-collisional pumping in the high-density
regime (~ 10 = cm ) appropriate for the laser/target plasma ex-
periment, Radiative transfer effects are currently being added,
which will allow convenient application to a new re.onance-
absorption pumping scheme of current interest because of its
inherent selectivity of the upper laser level.

In an attempt towards an increased understanding of the selec-
tivity of the resonance charge transfer scheme, discussions with
interested theoreticians have taken place and partial assistance
has been negotiated with an experienced N.R.L. theoretician for
the next reporting period. It is expected that such guidance
can be of significant assistance as the experimental parameters
are varled in search of resonance effects.

REVIEW OF X~RAY LASER FIELD

8. An accomplishment during this reporting period has been the
completion of a comprehensive review article on the x-ray laser
research fiel’, as of an October 1975 completion date. The
article has been accepted for publication in Proceedings of the
IEEE in 1976, and a preprint is included in the Appendix,

In brief, this reporting period has seen a definitive study of the
conditions to be encountered in the laser/target plasma approach, which
has precipitated a reevaluation of the assoclated analysis to high densities
and of the experiment to a normal-incidence pump-pulse mode., Additional
consideration of electron discharge pumping has resulted also from these
studies. The charge transfer experiment is now yielding definitive data.
The nonlinear mixing experiment is ready for conversion to the vacuum-UV
in the near future with optimum efficiency. It is anticipated that a

significant overall narrowing of options will continue towards our mid-
FY-77 goal.




Finally, reprints of publications and presentation abstracts are
included in the following Appendix, including the comprehensive review
article described above. These represent work completed during this
period and are included to provide further details on various portions
of the program,
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Abstract Submitted
for the 17th Division of Plasma Physics Meeting of che
American Physical Society
November 10-14, 1975

Physical Review Bulletin Subject Heading
Analytic Subject Index in which Paper should be
Number 35. Plasmas placed: 32. Diagnostics

Micro-Interferometric Study of Laser-Generated
Plasmas Using 30 psec Probing Pulses., J. F, REINTJES,
T. N. LEE, R, C. ECKARDT, R, C. ELTON, and R. A,
ANDREWS, Naval Research laboratory--We report on a micro-
interferometric study of plasmas generated by 2 ns
pulses from a Nd:glass Q-switched laser containing
energies of 1 J and focused to intensities of 1012 y/cm?
The plasmas are probed with a precisely-timed 30 psec
pulse from a mode-locked Nd:YAG laser, frequency
doubled to 0.53 ym. The use of mode-locked pulses al-
lows spatial resolution to 10 m at typical plasma ex-
pansion velocities of 107 cm/sec. Measurements of
plasma dimensions, electron densities and expansion
velocities for both line and point foci are presented as
a function of the time delay between the mode~-locked and
Q-switched pulses. Measurements of forward and back-
ward streaming plasmas generated from thin targets are
compared to determine effects of radiation pressure.on
plasma expansion.

Submitted by
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Abstract Submitted
. for the 17th Division of Plasma Physics Meeting of the

American Physical Society

& November 10-14, 1975

Physical Review Bulletin Subject Hevading
4 | Analytic Subject Index in which Paper should be
4 Number 35. Plasmas placed Plasma Focus
I Session Title:

8. Plasma Focus

Formation-Process of Minute Plasmas in a
Vacuum Spark. T. N. LEE, Naval Research laboratory--The
vacuum spark discharge produces extremely small
(10-50 ;m), high power density (1015 W/em?) plasmas,
each of which emits a x-ray pulse of a few nanoseconds.
[ These plasmas often form a bead-like (or clustered)
. s structure witb beads spaced as close as 50 um in dis-

:
3 | tancel and several nanoseconds in time. Simultaneous
measurement8 of the distance (Ad) and the time interval
b, (At) of two successive point plasma formations show a

l relation of Ad/At ~ 106 cm/sec, which corresponds to
the velocity of the anode plasma frontl, This is a

i strong indication that the bead-like feature is mot

i related to random break-ups of a pinched plasma column
due to a sausage type (m=o0) instability. According to
the experimental results obtained, the plasma con-
striction takes place in two s*eps, i.e., a relatively
uniform pinch of the plasma colimn to & diameter of 1 mm

1 or less is followed by a localized micro-pinch within

i a time interval of a few hundred nanoseconds. Multiple

micro-pinches are responsible for the observed clustered

i point plasma’structure.

3 lr, N. Lee, Annals of New York Acad. Sci. 251 112 (1975)
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Abstract Submitted
for the 17th Division of Plasma Physics Meeting of the
American Physical Society

November 10-14, 1975

Physical Review Bulletin Subject Heading
Analytic Subject Index in which Paper should be
Number 35. Plasmas placed 33, Scattering, Emission,

and Absorption of Radiation

Resonance Charge Transfer Effects Between
Impurity Ions and Neutral Atoms_ in Plasma Boundary
Regions, R, H. DIXON, J. L. DeROSA, R. A. ANDREWS, and
R. C. ELTON, Naval Research laboratory--High Temperature
plasma cooling and/or lowering of plasma heating rates
caused by processes involviug boundary layers impurities
are of concern for fusion devices, Resonance charge
transfer between impurity ions of charge z and neutral
atoms is of particular interest because of the large
cross-section (~10"1622 cmz) involved. An experiment is
described in which *Yie primary objective is to demon-
strate a significant effect of the resonance charge
transfer process on the populating of certain excited
states of ioms when interacting with particular neutral
atoms. Stripped ions of various typical impurity ele-
ments such as carbon and oxygen, and eventually heavier
"yall" materials, are generated by a focused laser beam
and allowed to expand into a neutral gas (such as hydro-
gen, deuterium or helium). The effect of the charge
transfer process is expected to be evidenced by enhanced
line emission in space-resolved grazing incidence
spectra. Preliminary results obtained using a laser of
500 MW peak power focused onto a carbon target surrounded
by helium at pressures ranging from 1 to 100 Torr will be
presented.

Submitted by
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Signature of APS Member

ROBERT H. DIXON

Code 5520

Naval Research Laboratory
Washington, D, C. 20375
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Physical Review
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Numbear 35, Plasmas
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Abstract Submitted
American Physical Society Topical Conference
On Diagnustice Of High Temperature Plasmas

January 7-9, 1976

t Index
placed: 32,

Bulletin Subject Heading
in which Paper should be

Diagnostics

Study of Expansion Characteristics of Laser
Produced Plasmas Using a Micro-Interferometry¥, J. F.
REINIJES, T. N. LEE, R. C. ECKARDT, R, C. ELTON, and R.
A. ANDREWS, Naval Pesearch Laboratory--High quality in-
terferograms of lauer produced plasmas with spatial res-
olution of 15 micrometers are obtained using a rel-
atively simple Jamin-type interferometer and a precisely-
timed 30 ps probing laser pulse from a mode-locked
Nd:YAG laser, frequency deubled to (5.53 tm, The spatial
resolution attainable with the present arrangement is
limited by the velocity of the expanding plasma and the
finite duration of the probing pulse, The plasmas are
produced by focusing a Nd:glass Q-switched laser pulse
(0.5 6w, 1011-1013 watts em-2) onto slab targets of
Al, Mg, and Clip. Time-dependent behaviors of electron
density distribution plasma dimension, and expansion
velocity for both point and line foci are made as a
function of time delay between the mode-locked and the
Q-switched laser pulses. The results thus obtained
with different durations of the heating (Q-switched)
pulse and with the various target materlal are compared.

*Work supported by DARPA Order No. 2694,

Submitted by

Signature of APS Member

JOHN F, REINTJES
Code 5520 2
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Submitted for 1976 Internatlonal Quantum Electronics Conf.

-x ABSTRACT
2 l AN ELECTRON-COLLISION PUMPED QUASI-CW SOFT X-RAY TASER USING HELTILIM-LIKE IONS
L. J. Palumbo and R, C, Elton
Naval Research Laboratory, Washington, D, C. 20375
i
T
‘ A steady-state model of a quasi~-c» soft x-ray laser on helium-like
b ions was usad to calculate gain vs. temperature, density, and element, Gains
{ greater than 10 cm-l are estimated for hot, dense, moderate~Z plasmas of
« .q- .
b l pellet fusion plasma characteristics.
By
'
i
]
|
E |
b 1
J ] ]
!
|
58
'.
b
t
4 1 .. A R S =AP S —e
|
. le ; , l " Wi, Gl et g il s ST P L i gL 5 *-u-r M

YT T T R PR N T



VMM A RY

AN ELECTRON-COLLISION PUMPED QUASI-CW SOFT Y-RAY ILASER USING HELIUM-LIKE IONS

L. J. Palumbo and R, C. Elton

Naval Research Laboratory, Washingten, D, C. 20375

A steady-state analytical plasma mocel has been applied to a quasi-cw
electron-collisional pumping scheme for producing soft x—ray lasing on the
3s 1S - 2p 1P transition in helium-like ions. The estimates of pump power
requirements, gain coefficient, and optimum element indicate that lasing may
be obtained in the 20 - 70 R region with a gain of > 10 cm-1 in moderate-Z
plasmas under conditions existing in present and forthcoming pellet fusion
experiments. The 1sls 1S upper laser level is pumped by electron collisional

excitation from the 152 1S ground level, lasing takes place by transitions

into 1s2p lP, and rapid 1ls2p 1P-+ 152 1S decay prevents self termination,

i. e.,.quasi-cw operation is expected. The upper laser level is also depop-
ulated by electron-impact excitation intc the nearby 1s3p 1P term, which
imposes an upper limit on the electron density for a given element, A pop-
ulation inversion is maintained, even though the electror-impact excitation
rates from the ground state into both the 3s and 2p levels are comparable,
because rapid 2p = 1s decay prohibits zrcumulation in the 2p level while

the 3s level is not dipole coupled directly to the ground state.

The equations for the steady-state population densities, N3 and NZ’

of the upper and lower laser leveals are,

- M Y ¥ Ny Mo Xpp * Nylhyp + N X5p)

n U ’ N =
3 A32 + l\e(X32 + X34) 2 A21

where the subscripts 1 through 4 refer to the 182 1S, 1s2p 1P, 1s3s 1S, and

1s3p lP levels, respectively. The A'S8 are spontaneous radiative decay rates,

the X's are electron collisional excitation or deexcitation rate coefficients,
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and the N's are the population densities witthe being the electron density.

The deexcitation rate coefficient, X32, 1; computed from X23 by detailed bal-
ancing. Required energy level spacings, etc. were taken from published daca

and scaled appropriately with spectrum number. The ground state density, NI’
was obtained from Ne by assuming charge neutrality, 100 % abundance of

helium-like ions, and small fractional populations of excited levels.

Figure 1 shows some results of gain at two (high) electron densities.
A gair coefficient, @, of >10 cm"1 is desired because, even with very large
purp laser systems, it may be difficult to form a plasma of the required temp-
erature and density with a length of more than a few millimeters. These
curves are typical of those computed over a wide range of electron density
and temperature. The curves show an increase in gain with Ne, an optimum Z
at a given density, a rapid decrease in & for Z larger than th%ﬁ optimum, and
a Zmig cutoff below which the computed inversion ieﬁsity is negative. The

-2.5

gain scales analytically as ~(Z - 1) when collisional processes dominate

the 3s 1S level depopulation (low Z or closely spaced energy levels) and as
~(Z - 1)'8'5 when the prominent mode of depopulation is by spontaneous
laser-line emission. For a given Z, the highest gain is attained when the

electron temperature is approximately twice the 1s = 3s excitation energy,

AE This is a consequence of the fact that Ne X13, the rate for the

13°
dominant process populating the upper laser level, reaches a peak at kTe =2
2 AE13; for higher temperatures, this rate falls off slowly and the laser
pumping rate decreases., An ion temperature less than the electron temperature,

which mav occur in a transient laser plasma, would increase the gain in the

plotted curves by a factor of (Te/Ti)% due to a reduced Doppler width,

The production of « plasma with the density and temperature'required to

-2 -
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k
J produce reasonable gains on this transition would require a pump laser with a g
?f % - power density ~1017 w/cm2 over an area of largest dimension » 1 mm on a
,% I : cylindrical pellet-like target to avoid temperature decrease by thermal con-
) g ductivity, Such lasers and targets are currently being developed in the laser

fusion programs. Results from a micro-interferometric diagnostic experiment:1
using a Nd:YAG 30 psec probe laser synchronized with a Nd:glass 2 nsec plasma
producing laser to study the evolution of a high-density critical layer at

N, To 2tz will be described.

; 1J. F. Reintjes, T. N, Lee, R. C, Eckardt, R, C, Elton, and R, A, Andrews,
3 | Bull. Am. Phys. Soc., Vol. 20, p. 1336, Oct, 1975,
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i FIGURE 1. Cnlculated gain for 3s IS-* 2p lP lasin: in helium-1ike
& ions plotted vs. atomic number for two electron densi:ies." For cach ;.
density, electron temperatures were chosen which yielded the highest '

gain and their values in keV are indicated by numbers next to each curve,
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COMPENSATION OF SELF FHASE MODULATION BY CESIUM VAPOR¥
R, H, Lehmberg, J, Reintjes and R, C, Eckardt ¥
3 Naval Research Laboratory, Washington, D,C, 20375
(ac2) 757-2750
| 4
; ABSTRACT
t. We have ubserved a significant reduction of Nd:YAG
i laser-generatel self phase modulation by propagating the output
b ! pulses through a cesium vapor cell, The limitations of this
i technique are discussed, and a related pulse shaping experiment ;
i A
' | will be described, |
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TION OF SELT PHASEZ MODULATION BY CESIUM VAPOR, R, H. Lehmbert, et al

Oy

Receatly, we reported the observation of self defocusing of wode locked
1.C5 = pulses in cesiuz vapor, and attributed it primarily to the nearby two
photon resonznce with the 5s-7s levels,~ The corresponding negative value of
n, was measured at -1,4 X 10_:"’3 N, in reasonable agreement with the calculated
value of -2,52 X 10”*° N, Since the useful output pover of large Nd laser
syste=:z is urdiparily liaited by self focusing and self phase medulatfon (‘SP)I),
the existence of this negative 0, raises the possibility of increasing the
power by using Cs vapor for compensation. Here, we report the first observation
of partial coxpensation of the SPM generated in a NJ:YAG laser system.

The laser radiation consisted of single pulses o.f FWHM duration tp = 30 psec,
as measured by a 5 psec resolution str—eak camera, -The bandwidths were broadened
to k-5 cm © by SPM in the YAG amplifiers, and the integrated spectra had the
double-husped appearance (Fig. la, c) expected for a chirp of this magnitude, 2
The collivated beam, with a peak on-axis intensity I ~ 1,9 GW/cmZ, propagated
through a total path length 4 = 2C0 cm in Cs vapor, Its diameter was relatively
large (1 .c:x) in or'der. to avoid whole-beam self defocusing effects.! The integrated
spectra of the input and output pulses were recorded by directing a portion of tie
center oi each bean through a 1-m grating spectrograph onto an image converter
cazera operating in the streak mode adjusted for a 1 nsec resolution and 1C nsec/c=

sweep rate. A 12,5 nsec pulse separation allowed the input and output spectra

to be cocparaed on the saze filam (e,g. Fig. 1). The spectral resolution ig

i2 ez ~.

In Fig. le, the phase modulated spectrum of the incident pulse gives a
Daxizua chirp width of i‘)c ~L3 cm_:‘, which corresponds to a peak on~axis

phase shift B = 27¢ Avctp,/2.86 =8.5. 1In the output pulse, the double-hump
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COMPENSATION OF SELF PHASE MODULATION BY CESTUM VAPOR, R. H. Lehmberg, et al
(202) T67-2730

has disappeared, and Avc has been redncnd to 2.7 ém-l; hence; Bout °‘5,3,'

The phase reduction Bou - B= .3,2 is in reasonable agreement with the

t
value AB = annzIL/Xc‘“ 4,9 calculated froa n, = - 1.4 X 10 %° N measured
previously.l

The asymmetry in these spectra arises from asymmetry in the laser pulse
shape, Since the pulse changes shazpe within the lasér, the output intensity
variation - dI/dt does not correspond exactly to the instantaneous chirp
frequency, Moreover, some beam degradation due to small scale self focuéing
was evident in the more intense pulses, It is therefore unlikely that the
SPM can be completely cancelled by a ;ingle Cs cell at the output,'i,e,,-one
should compensate after each amplifier stage before self focusing and pulseshape
changes becoume appreciable.3

Additional experiments are in preparation todo the initial pulsechirping
with 032 rather than in the amplifiers, This will allow better control of
small scale self fccusing and will ensure that the pulseshape remains the
same in the chirping and compensating elements; hence, a nearly complete
phase compensation should be attainable. In a secons experiment, the negative
SPM due tr the cesium cell alone will bz used to study pulse squaring effects
in a grating pair,
REFERENCES
1, R, H, Lehmberg, J, Reintjes, and R, C, Eckardt, Appl. Phﬁs. Lett, 25,

374 (1974%); Phys. Rev, A (March 1975).
2, R, C, Eckardt, C, H,L Lee, and J. N, Bradford, Opto-electronics §,

67 (197H).
3, R, H. Lehmberg, J, Reintjes, and R, C, Eckardt, NRL Mewo Rpt. 3130

(Sept 1975) p. 25-30.
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THREE QUASI-CW APPROACHES TO SHORT WAVELENGTH LASERSH*

R. C. Elton
Naval Research Laboratory

Washington, D. C. 20375

ABSTRACT

Three approaches towards achieving extended-period

quasi-cw amplification by stimulated emission in the
vacuum-UV and x-ray spectral regions are discussed, in
a somewhat logical progression towards shorter wave-

lengths, increased complexity, and demands. Extrapo-

lation of visible and near-UV tuned-cavity cw lasers

using higher density plasma media is first discussed for
the near-to-mid VUV region. PFurther extension to the
soft x-ray region 1is described, using preferential res-
onance charge transfer pumping. This and related in-
tense incoherent x-ray source development could ulti-
mately lead to successful quasi-cw Ka inversions, as

is discussed. Experiments underway to test the first

two schemes are described.

*Supported in part by the Defense Advanced Research
ProJects Agency, DARPA Order 269k




R.C. ELTON

I. INTRODUCTION

The basic problems that hamper a rapid extension of
lasers into the vacuum ultraviolet (VUV) and x-ray
spectral regions can be summarized with a few simple
relations. Since high reflectance cavities do not
appear to be realistic for wavelengths shorter than
~ 1000 K, significant gain must be achieved in a single
pass; this immediately implies an increase by orders-
of-magnitude in the inverted state density required for
a given net gain at a particular wvavelength. Hence, at
truly short wavelengths we are usually speaking of am-
plified spontaneous emission (ASE) devices, which alone
represent more of an amplifier than a tuned oscillator
producing highly coherent radiation. In fact, the de-
vices developed will probably prove most useful, at
least for the near term, as amplifiers for coherent VUV
radiation produced by frequency multiplication from the
IR and visible regions.

For an amplifying medium of length L, the ASE gain
is given by I/Io = exp (aL), where a is the gain coef-
ficient. The product oL is often written asl

szuz
al = — L By (1)
hr©Av

wvhere gu, 82 and Nu’ NZ refer to the statistical
weights and population densities of the upper and lover
laser states, respectively, AV refers to the line width
in frequency urits, and A refers to the wavelength of
the laser trsasition. With the transition probability
A p for spontaneous emission scaling as fk_z, and for
larger inversion (i.e., Nu>>N£)’ Eq. (1) cen be written

as a proportionality:
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SOFT X-RAY LASERS VIA ELECTRON~COLLISIONAL PUMPINGH*

R. A. Andrewvs
Naval Research Laboratory

Washington, D. C. 20375

I. INTRODUCTION

One possible technique for obtaining gain in the
soft x-ray region of the spectrum is to use electron-
collisional pumping of an appropriate ion species. This
can be done in .a manner analogous to known ion lasers
which operate in the visible portion of the spectrum.
The dif.’erences being:1l) more highly ionized ions are
used to obtain shorter wavelength transitions, 2) the
punping electrons are at a higher temperature to popu-
lace the more energetic transitions, and 3) the life-~

times are shorter which implies higher pump intensity

per unit area (P/a « vh). In the case of shorter wave-

length transitions one can project known laser transi-
tions isoelectronically to higher 2 ions and hence
shorter wavelengths or investigate unique ionic electron
configurations that are not observed in neutral or

weakly ionized species. This technique works well for

¥This work was partially supported by the Defense Ad-
vanced Research Projects Agency, ARPA Order 269k,
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electronic configurations with relatively few electrons.
With many-electron systems, level crossings and other
anomalous effects with increasing Z limit the range
over which a group of levels which are a viable laser
scheme can be isoelectronically projJjected to higher 2.

A further problem with short wavelength lasers is that
the techniques available for generating signiflcant
amounts of energy with very short risetimes are limited.
Discharges are limited to abcut 10"7 sec. Mode-locked
lasers, however, can be used down ‘to the 10-ll sec
range with significant amounts of energy. Short wave-
iength requirements lead to many other problems for the
attainment of an inversion and net positive gain. Sev-
eral of these are discussed in this paper along with a
particular approach to the shor% wavelength laser prob-
lem.

A particularly promising concept for an electron-
collisional pumped laser is the use of a picosecond
laser pulse to heat the electrons in a cold plasma
which has a large fractional population of the laser ion

species.l’2

The initial plasma can be created by a
variety of techuiques. However, if one is seriously
considering highly ionized species then a laser pro-
duced plasma offers distinct advantages since large
amounts of energy can be deposited in small volumes in
short times. This initial plasma would typically be
generated with a line focus laser to create a plasma/
laser media with a large aspect ratio and hence maximum
gain length. This plasma must be allowed to expand,
cool, and develop a maximumn fractional population of a
particular laser ion species. Cooling is important since
the laser line is Doppler broadeired and Boltzmann popu-

lation of low lying levels may ruin a possible inversion.
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HIGH-DENSITY IONIZATION WITH AN INTENSE - I8

LINEAR FOCUS DISCHARGE }
Tong Nyong Lee - i
Optical Sciences Division 5

Naval Research Laboratory 4
Washington, D.C. 20375

INTRODUCTION

A low-pressure linear discharge (or vacuum spark) produces' one or more

. minute (or pzint) plasmas ess than 50 gm in size with the clectron kinetic tem-
perature as high as k7T, = 10 keV. Such point plasmas emit short bursts of
intense x-radiation witich consists of continuum as well as line radiation arising
from highly stripped 1igh-Z atoms. In the highly constricted plasma region, the
current density reaches a value of 10" amps-cm=2 However, the physical pro-
cesses involved in the: formation of such a plasma entity are not well understood.?™
The plasma dynamics involved in the discharge is complex and is hard to correlate v
with the onset of the x-ray bursts. -
In the present study, some of the experimental results obtained with the device
are described in oruer to improve the understanding of the phenomena. Meanu.2-

ments include plasma diagnostics made with fast photography, pinhole x-ray »
photography, and x-ray spectroscopy in the photon energy range of 6-25C keV. o
Although there are large differences in s~7.e operating parameters (mainly in i
} operating voliage), this low-pressure linear discharge device is believed to have L
some similaritics with the vacuum diodes that have been studied** intensively in

TR

£ recent years for the purpose of plasma heating as well as for ion acceleration. This
paper therefore may also be relevant to the basic problems involved in under-
standing vacuum diode operation.

The experimental device! used in the present study is a very simple apparatus
with a total capacitive storage energy of less than 3.6 kJ. A schematic diagram of
-fi" { the discharge device is shown in FIGURE 1. It consists of a pair of electrodes; a j

: cathode of 3 cm diameter and a 0.7-cm diameter bullet shaped anode, are sepa- &
rated by a gap of 0.6-1.0 cm. The two electrodes are isolated by a Pyrex® glass tube
i of 10 cm diameter, which also serves as a vacuum chamber. The positive electrode 5
is connected directly ic the high voltage terminal of a 28 uF capacitor charged to
16 kV, and the cathode is connected to the ground terminal through a pair of i
current-return copper straps placed outside the glass tube. The discharge: chamber
is evacuated to a pressure of 1078 torr, The discharge is ;iitiated by injecting a
pulsed laser beam (ruby laser of 100 MW, 20 ns) foct.sed onto the anode tip
through an axial hole in the cathode (grazing the cathode hole zdge). The laser |
beam serves as a fast-acting injection of vapor into the electrode gap by slizht -
evaporation of both electrode materials, and has no effect on the plasma heating.

f 112
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Quasi-stationary population inversion on Ko transitions

R. C. Elton

In a search lor an x-ray laser capable of operating in a quasi-cw mode, a suggesled K a-innershell scheme i»
examined using recenily calculated rates. This scheme involves the decay of a K-shell vacancy followed by
a more rapid (for certain alements) L-vacancy decay, which maintains the inversion. The preseni analysis
indicates 1hat 1he scheme is only marginally feasibla unless a depletion of resnnanl absorbers is accom-
plished through line shifts associaled with multiple ionization following K-vacancy produclion. The
pumping requirements for overcoming, photoionization locges in 1he beam and the associated gain condi.
lions are estimated for three elemerits, namaly silicon, calcium, and copper, and it is concluded ti.at phn-
1oionization pumping in a selective anergy band is required, with emission approaching 1he blackbody
level. A multiline haavy-ion plasma source is suggested.

I. iniroduciion and Background

For x-ray lasing, K«-typ# transitions would seem
to be a first choice, both because of the inherent
short wavelengths and the large transition probabili-
ties (which imply increased gain). However, with the
rapid K-vacancy decay rate is associated a short
(frmtosecond! for penetrating x rays) equilibration
period 7, during which lasing is completed for a sim-
ple self-terminating transient inversion scheme.?
With cuherence lengths ¢7 ~ 10~5 ¢cm, conventional
cavity operation becomes impractical (even if cavities
could be constructed to withstand x-ray laser intensi-
ties), anc traveling-wave operation would be tedious.
Sufficient pumping for significant single-pass lasing
(amplified spontaneous emission) is also a formidable
task during such a short lasing period.

An alternative to the short-pulse self-terminvating
laser approach is to somehow create a stationary (or
at least quasi-stationary) population inversion by eli-
minating final laser states, which are potential ab-
sorbers. more rapidly than they are created. For
Ku-innershell transitions, this translates to depleting
the den~ity of atoms (or ions) with a particular .-
shell vacancy more rapidly than they are created by
lasing transitions from K-vacancy atoms. (It is not
necessary that the L shell he filled, since isolate spec-
trul lines are praduced for 2ach of the series of possi-
tle L-vacaney contigurations as discussed below.) A
particular I.-vacancy state may be depleted by either
adding ar removing an electron to the L shell, but

The autnor is witk the U.S. Naval Research Laboratory, Wash-
ingtem, .0, 20475,
Received 11 November 1974,

again it must take place at a very rapid rate and pref-
erably without external stimulus. Stankevich? in
1970 first suggested that this be accomplished by
electron cascading from outer shells through rapid

Auger as well as radiative transitions and suggested .

that this combined specific rate exceeds that for K-
vacancy depletion. This particular scheme depends
strongly on a sufficient density of outer-shell elec-
trons, i.e., is classified as an innershell* transition
scheme. Although the description of the model
Stankevich used is sketchy, it is possible to recon-
struct® approximately his results, which were based
upon K-vacancy depletion rates from experimentally
obtained K-level widths® proportioned’ as 2:1 for
Ka) and Kay lines, and L-vacancy depletion rates es-
timated from the difference-between the K-level
widths and measured K-line widths® Some of these
numerical data are included in Table I, and the ratio
RL/Rg of L- and K -vacancy depletion rates is plotted
in Fig. 1 vs atcmic number Z. In equilibrium, NaRy
= N3R;, where N, and N3 are, respectively, the
upper and lower laser state densities,? populated
originally by pur ping from state 1. Therefore the
ordinate in Fig. 1 corresponds to the populatior den-
sity ratio, and inversion is achieved when No/Nj3 >
82/, where the statistical weight ratio go/gs it 1 for
the Kaao(KLy) line and 0.5 Tor the h o) (KLjy) line.
(Stan'2vich apparently assumed g,/g3 = 1 fo* both
lines ;. Thus, for the data available to Stankevich,
net quasi-stationary inversion appears possible for
the Z = 20-45 range.

il. Present Analyses

A. Total Rate Model with Recent Data

When a similar analysis is carried cut® with the
more recent calculations of Auger and radiative rates

Segtember 1975 / Vol. 14, No. 9 / APPLIED “PTICS 2243
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X-ray emission from laser-produced magnesium plasmas

1. N Lee and D J. Nagel

Maval Newarch Laboratory, Washingwn, D. C. 20375
{Roveined ¥ April 1975)

Charactenstics of x-ray emission produced by focusing a 0.5-GW laser to about 10" W/cm? on magnesium
nictal targets were measured. Approximately 0.01% of the incident laser energy of 10 J was emitted in a
Flasee (WMD) pulse of x rays with photon energy in the range 1.3-1.8 keV,

PAUS numbers: $2.25.P, 07.85,, 42.60.(, 84.60.R

INTRODUCTION

Reiiabie easy-to-maintain lasers with powers up to
about i GW are becoming increaslingly avallable. When
focused, such iasers produce power densltles in the
10*—10'*-W/cm? range. Plasmas produced from solld
targets irradiated with such power densltles typleally
have peak eiectron temperatures near 100 eV (~10° K),
Thus they are convenlent laboratory sources ~f vacuum
uitravlolat and soft x radiation. There are a cumber of
plasma iight sources, for example, 6-pinch machines,
which are capabie of producing plasmas hotter than
10° K. Such plasmas are large in voiume but the eiec-
tron denslty is smaller by many orders of magnitude
than the density of laser-proacced plasmas. In addition,
the low-denslty plasma machines use gases for heating
and, therefore, are limlted to elements which occir in
gase3 or can be made in convenient gaseous compounds.
Ad-antages of laser plaamas over discharge sources
{taclucing vacuum and sliding sparks) are as follows: (1)
spectra of all elements can be exclted, (i) the spectra
.73 relatlvely free of imp..rity lines, (1li) the number of
‘onizatlon stages contributing to a spectrum 1s smail and

somewhat controllable, and (iv) the slze of the radlating
plasma is small enough so that entrance slits may be
elimlnated for x-ray spectroscopy in some cases. Hence
laser plasmas are useful to generate data for interpreta-
tion of spectra from other sources. Thelr radiation is
also convenient for testing and calibration of spectro-
graphs and detectors.

The physlcs and diagnostics of high-temperature laser
plasmas are presently recelving intense study. Central
problems Include coupling of laser energy into the tar-
get plasma, and the dlvislon of that energy into thermal
conduction losses, plasma expanslon, and radiation.
Plasma temperatures and denslties are deslred as a
functlon of laser pulse, focusing, and target parameters.
In this regard, several studies at laser powers similar
to those in this work have already bee: made. In partlru-
lar, Stumpfel et al.® used a grazing-ircldence mono-
chromator to do time-dependent studies +f radiation
down to 35 A from Mg plasmas generated by a 0. 5-GW
laser. They found lonlzatlon siages through MgX and
suggested that He-like Mg XI ions should exist in plas-
mas produced by few-joule ~20-nrec laser pulses.
Recentiy, Peacock ¢! al.” made a spectroscoplc study
of the satellite lines near the resonance lines of He-like
Mg lons in plasmas produced using a Nd laser at about
1 GW. Donaldson et al.® did a comprehensive study of
lighter-atom plasmas which were generated with laser

_dowers up to 2 GW,

3784 Journal of Applied Physics, Vo!. 46, No. 9, September 1875

In thls work, * we investigated several characteristics
of the plasma x-ray emission produced by focusing a
0.5-GW (18-nsec FWHM) ruby laser beam (0.69 um)
onto Mg targets, namely, the x-ray yield as a function
of the lens-target distance, the tlme hlstorles and
correlation between laser and x-ray signals, the x-ray
converslon efficlency, x-ray pinhole photographs, and
the x-ray spectrum in the 7—10-A region. Nonuniformlty
of the laser power dlstribution 1s evidenced by postshot
mleroscopy of the targets. Comparlsons of the present
<esults with x-ray emlsslon produced by 1-nsec Nd
laser pulses (1.06 um) of slmllar energy are made.

EXPERIMENTAL ARRANGEMENT

The experimer’ .. arrangement ls shown schematically
in Fig. 1. A Korad K2 ruby laser system conslsting of
a @-switched osclllator produced pulses with energies
up to 10 J. The beam divergence was 8 mrad. A beam
splitter and an S-1 response photodiode were used to
monitor the laser pulse signal shape and the power. The
laser beam (3.5 cm in diameter) was focused by a 5-
cm-diam 20-cm focal length lens which was mounted on
a micrometer translatlon stage outside of a vacuum
window, Flat Mg targets, polished with abrasive paper,
were placed at 45° to the incident beam in a 3X10°? Torr
vacuum. A silicon p-i-n x-ray detector located at about
60° to the beam (15° from the target normal) and 10 cm
from the focus, and covered with a light-tight 25-pm
beryllium window, was used to monitor x-ray pulses,
Prior to emplacement of the spectrometer shown in
Fig. 1, an x-ray camera with a 25-um pinhole 2 cm
from the focus vlewed the plasma 90° to the beam and
45° to the target normal. It ylelded 23+ magnification.
The simple slitless x-ray spectrometer at 90° to the

FIG. 1, 8chematic diagram of oxperinv.ntal arrs ;gement,
Copyright © 1975 American institute of Physics
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Quasi-stationary population inversion on Ko transitions

R. C. Eiton

In a search for an x-ray laser capable of operating in a quasi-cw mode, a suggested K a-innershell scheme is
examined using recently calculated rates. This scheme involves the decay of a K-shell vacancy followed hy
a more rapid (for certain elements) L-vacancy decay, which maintains the inversion. The present analysis
indicates that the scheme is only marginally feasible unless a depletion of resonant absorbers is accom.
plished through line shifts associated with multiple ionization following K-vacancy production. The
pumping requirements for overcoming photoionization losse; in the heam and the associated gain condi-
tions are estimated for three elements, namely silicon, calcium, and copper, and it is concluded that pho-
toionization pumping in a selective energy band is required, with emission approaching the blackbody
level. A multiline heavy-ion plasma source is suggested.

). Introduction and Background

For x-ray lasing, Ka-typé transitions would seem
to be a first choice, both because of the inherent
short wavelengths and the large transition probabili-
ties (which imply increased gain). However, with the
rapid K-vacancy decay rate is associated 2 short
(femtosecond! for penetrating x rays) equilibration
period 7, during which lasing is completed for a sim-
ple self-terminating transient inversion scheme.2
With coherence lengths cr ~ 10~5 cm, conventional
cavity operation becomes impractical (even if cavities
could be constructed to withstand x-ray laser intensi-
ties), and traveling-wave operation would be tedious.
Sufficient pumping for significant single-pass lasing
(amplified spontaneous emission) is also a formidable
task during such a short lasing period.

An alternative to the short-pulse self-terminating
laser approach is to somehow create a stationary (or
at least quasi-stationary) population inversion by eli-
minating final laser states, which are potential ab-
sorbers, more rapidly than they are created. For
Ka-mnershell transitions, this translates to depleting
the density of atoms (or ions) with a particular L-
shell vacancy more rapidly than they are created hy
lasing transitions from K-vacancy atoms. (It is not
necessary that the L shell be filled, since isolate spec-
tral lines are produced for each of the series of possi-
ble L-vacancy configurations as discussed below.) A
particular L-vacancy state may be depleted by either
adding or removing an electron to the L shell, but

The author is with the U.S. Naval Research Laboratory, Wash-
ington, D.C. 20375.
Received 11 November 1974.

again it must take place at a very rapid rate and pref-
erably without external stimulus. Stankevichd in
1970 first suggested that this be accomplished by
electron cascading from outer shells through rapid
Auger as well as radiative transitions and suggested
that this combined specific rate exceeds that for K-
vacancy depletion. Tnis particular scheme depends
strongly on a sufficient density of outer-shell elec-
trons, i.e., is classified as an innershell® transition
scheme. Although the description of the model
Stankevich used is sketchy, it is rossibie to recon-
struct® approximately his results, which were based
upon K-vacancy depletion rates from experimentally
obtained K-level widths,¢ proportioned” as 2:1 for
Ka) and Kay lines, and L-vacancy depletion rates es-
timated from the differencebetween the K-level
widths and measured K-line widths.® Soine of these
numerical data are included in Table I, and the ratio
R1/Rk of L- and K-vacancy depletion rates is plotted
in Fig. 1 vs atomic number Z. T equilibrium, NoRg
= N3Ry, where No and N3 are, respectively, the
upper and lower laser state densities,? populated
originally by pumping from state 1. Therefore the
ordinate in Fig. 1 corresponds to the population den-
sity ratio, and inversion is achieved when N,/N3 >
g2/g3, where the statistical weight ratio go/gs is 1 for
the Kao(KLy) line and 0.5 for the Ka)(KLyy) line.
(Stankevich apparestly assumed ga/gs = 1 for both
lines.) Thus, for the data available to Stankevich,
net quasi-stationary inversion appears possible for
the Z = 20-45 range.

Il. Present Analyses

A. Total Rate Model with Recant Data
When a similar analysis is carried out® with the
more recent calculations of Auger and radiative -ates

September 1975 / Vol. 14, No. 9 / APPLIED OPTICS 2743
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Table l. Selected Atom:- Rates Used (In 16-2 atu=i)e.b

Z =122 30 38 47

Stankevii®
I. K-level width® (K rate)® 3.10 5,80 11.7 26.0
2. K-line widthss:*
Kay (K-L1) 5.71  10.1 18.6 35.6
Ka; (K-Lu) 790 12,0 19.0 36.0
3. I-level widths® (L ratc)b««
L 2.61 4.30 6.90 9.60
Ln 4.80 6.20 7.30 10.0
Present analysis
4. K ratct
X ray 0.89 3.41 10.2 24.45
Auger 2,63 3.1 4.00 4.42
Total 2.64 6.54 14.2 28.87
5. L rutel*d
L 0.885 2.95 3.92 6.36
Lu 0.886 2.87 5.27 9.50
6. Total (K-line width)
Ko (R-Lyn) 3.62 9.49 18.1 35,7

Kay (K-Ln)

w

.53 9.41 19.5 38.4

a1ata = 242 X 101 gec,
* Ratc (atu.") =~ (4.14 X 10-?) X width (eV).
* Row 2 less row 1.

4 Coster-Kronig added to Ly, subtracted from L, x-ray
rate included.

shown also in Table I, the prospect for quasi-station-
ary inversion appears considerahly more marginal.
K-shell rates have been calculated by McGuire8
Walters and Bhalla,® and Scofield!®i! (radiative
only) in the 1970-197 + period and are in close mutual
agreement for prese.at purposes. McGuire!2 in 1971
also calculated L-shell radiative, Auger, and Coster-
Kronig rates, from which are obtained total effective
L subshell vacancy depletion rates by increasing the
Ly rate and decreasing the Ly rate according to the
tabulated Coster-Kronig rates. It is interesting to
note (Table I) that the total line widths obtained
from these calculated rates agree reasonably well at
high Z wiih the widths published by Blokhin and Sa-
chenko® and used by Stankevich; however, the rela-
tive rates are different, and L depletion is not as
rapid as criginally supposed.® A Xay/Kas transition
rate ratio of 2:1 is again assumed., The result is a
maximum population density inversion of ahout 30%
in the Z = 30-35 i.zion, as shown also in Fig. 1.
Thus, even with the mest vecent data, quasi-station-
ary inversion using tots' decay rates remains a possi-
bility, but with a more 11 ited degree of inversion.

B. F .. .al Rate Model witr Lirg Shifting

It may only be necescary for the L-hole depletion
rate to exceed the radiative x-ray rate for K-vacancy
decay,'®!4 which for low-Z elemenis is much less
than the total rate used ahove. To better under-
stand this model, a total binding-energy level!® di-
agram for copper is shown in Fig. 2, with various sin-
gle and multiple shell vacancies designated by capital
letters (e.g., K, L, M, KL, LL, etc.) and vacancy tran-

2244 APPLIED OPTICS / Vol. 14, No. 8 / September 1975
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sitions by K—L etc. As indicated, the scheme
evolves from creating K vacancies by pumping (P) in
neutral copper, but is equally relevant beginning with
a particular ion species (providing an excessive de-
crease in the L—~M2 Auger rate does not occur with

depletion cf M electrons). Also the diagram is rele- -

vant to other materials with some attention to the
relative importance of x-ray (X) and Auger (T') rates.
The L state and some of the LM? states shown are
potential reabsorbers of the K—L laser radiation.
The newer idea here is that laser absorption by mul-
tiple-L-vacancy states (e.g., LL) and certain LM?2
states may take place at a shifted wavelength (indi-
cated by A — 8 in Fig. 2) and therefore may not con-
tribute to resunance-absorption losses in the laser
beam. Indeed it has been recently shown both theo-
retically!® and experimentally!? that K-line shifts
due to multinle-L vacancies exceed the line widths,
If we then 1'mit laser rr.onance absorption to L
states and onl ' consider .-ray decay of the K vacan-
cy, a high degree of inversion is reached for both Koy
and Koy transitions and for Z as low as 13, a shown
in Fig. 3. In this figure, the low-Z cutoffs are due for
a2 to a lack of M electrons and for o, to a lack of 2d
M-shell electrons to fill 2pss (Lip) holes, (Data for
Mi1— L, | transitions, are not available.) The high
degree of inversion in the Z = 20 range makes this
model particularly attractive as far as pumping re-
quirements are concerned. It should be noted that
this line shift modification will not appreciably ex-
tend the high-Z, short-wavelength limit; however, it
could make measurements at longer wavelengths
(low-Z) considerably easier.

There are some potential problems associated with

7 : , . : : ,
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Fig. 1. Ratio of rates R /Rx for total transitions out of L- and
K-vucancy states, respectively, vs atomic number Z. This ratio is
equivalent to My/Nj in Eq. (2) for equilibrium conditions reached
after long tin.es in cw operation. Values exce.ding unity and one-
half indicate gain for the Kas and Ka, lines, respectively. The
model here assumes all K-vacancy decay transitions produce po-
tential absorbers for laser radiation. Present analysis is based on
recent data®!2; sn attempt to reproiuce the results of Stankevich?3
is shown dashed. Both K-+Ly and K—Lyy, a2 and a) lespective
transitions are shown.
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the rates for pumping, x-ray, {emission or absorption (dashed)}
and Auger transitions, respectively.

the shifted-line model, Double L vacancies will cas-
cade to M4 states as indicated in Fig. 2 at a rapid
rate, just as do single L vacancies, leading to de-
creased line shifts. The (sparse) data'® available on
line shifts with multiplz M vacancies indicate that an
emission-absorption line overlap fortunately is not
expected if only natural (x ray plus Auger) broaden-
ing is important and if M; and My vacancies are
present; an overlap for higher M-shell vacancies ap-
pears to be unavoidable. For light elements up
through Z = 20, only M;- and Mp-shell electrons
exist. (Auger loss of N electrons has a low probabili-
ty).!2 For Z larger than 20, further cascading may
transfer M1, My; vacancies to Mnj, M,,, My states
(by radiative and Cnster-Kronig transitions), where
the line shift is negligible. Rate data are available'
for including this effect, but the complexity is beyond
this analysis.

A further complication ip the line-shift scheme is
electron-ion recombination (r in Fig. 2). As Stank-
evich points out, recombination must proceed at a
sufficient rate to inhibit overdepletion of amplifying
atoms. This implicitly places an upper limit on the
plasma temperature. However, a recombination rate
exceeding the K- and L-vacancy depletion rates will
also produce LL-—L recombination transitions fol-
lowing K—LL Auger transitions and again provide
absorbers; we are then back to the less promising
conditions in Fig. 1. For true cw operation, such a
high recombination rate is required. However, as we
show below, inversions of ~1% are required to
achieve net gain. Thus, perhaps a lower recoirbina-
tion rate is possible, permitting a gradual depletion.

of atom density through .snization (with an accom-
vanying increase in pump-power requirements) in
order to achieve some degree of stationary inversion
for a limited time (hence quasi-stationary inversion),
hopefully long enough to have multiple transverses in
a resonant cavity or to permit rersonable pump-pulse
risetimes. This will perhaps be a delicate balance to
achieve and clearly requires 2 rather sophisticated
nunterical model for further analysis. For example,
electror: collisional ionization, as well as photoioniza-
tion, of outer electrons should be inc!'ded (i in Fig.
2). Also, the adverse effect on gain due to line shifts
assuciated with multiple vacancy production accom-
panying radiative decay (radiative-Auger effect)
should be included.!"!® The basic information for
such ap analysis is generally available, and the
payoff, i.e., quasi-stationary population inversion, is
potentially high. Further advantages of the line
shift model will be indicated in the pump require-
ment estiinations that follow, particularly for low-Z
elements.

IIl. Pumping Requirements

A. General Requirements

Of next concern is the pumping encrgy required to
achieve significant net gain, since photoionizaticn of
outer electrons by the laser beam will add to the nor-
mal line-absorption losses. Also, Auger decay (domi-
nant for light elements) tends to deplete at a rapid
rate the K-vacancy upper-laser states created. Both
processes imply .large pumping powers {o maintain
inversion. These are problems common to all inner-
shell x-ray laser schemes (except alkalis without
Auger losses for n = £ vacancies) and also result in
low system efficiency; on the other hand one is not
overly concerned at present about efficiency if a
quasi-cw mode is achievable with available pumping

(5.2
1
|
|

Py #Py oy # (g Nyl

Fig. 3. Ratio of rates R /Rk-.,, for total transitions out of a L-
vacancy state and radiative decay out of a K-vacancy state vs
atomic number Z. This ratio is equivalent to No/N3 in Eq. (2) for
equilibrium conditions reached after long times in cw operation.
Values exceeding unity and one-half indicate gain for the Kaz and
Ka lines, respectively. The model used assumes only radiative
transitions produce absorbers, with Auger transitions generating
shifted ion lines. Both K—Lj and K—Lm, a2 and a, respective
transitions are shown.
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powers. (It should be remembered that, were it not
for the potential of quasi-stationary inversion, Ka-
innershell pumping would not be a serious candidate
for x-ray lasing because of these losses.)

The restriction: set by the requirement that net
stimulated emission exceed photoionization losses in
the medium are derived from ~2X the minimum
threshold condition, i.e.,

A N. 2xp
L 24
=TT [TN, (A)] 2 1on Mie (1)

where the left side is the net gain factor due to stimu-
lated emission? and the right side represents phe-
toionization losses on the original states of density
N\, with subscripts as defined above. The transition
probability A is different from the x-ray rate X that
is averaged over all terms. The parameter A is the
laser wavelength, Av is the line width in frequency
un'es, « is the solid absorption ccefficient,20 and pis
the: density of (solid) absorber. The factor xp/102 is
the Ko photoionization cross section. The bracketed
factor is the inversion density

AN = Ny = (g2/g3) N,

N, £oN. N,
=’V(—-) (l——u)ETN <_. ; 2)
! N &3N, : Nl) (

where T indicates the degree of inversion and is eval-
uated in steady state by assuming N3/N to be given
by the ratio of K- to I.-vacancy depletion rates shown
in Figs. 1and 3. In a more complete time dependent
model, T represents the stationary inversion
achieved following the transient 2pproach to equilib-
rium.?

For a first evaluation of Eq. (1), the product A24
may be approximated by 0.2 (cgs) and 27As by the
Auger rate, which does not vary rapidly with Z and is
about 200 atu”! or 8 X 10" sec~!. Thus. a firs: cut
yields a ra*io No/N, which is required to be greater
than 107! to 103 depending on the absorption cross
section « ind the degree of inversion (T) achieved. If
the line width exceeds the natural width assumed
(see belov), even more inve rsion will be required.

Some 1elaxation of this ~_Juirement on inversion
density could be r.chieved with multiple ionization,
i.e., removal of some absorbing valance electrons,
This could be an added advantage in the line shift
model above if these valence electrons are in M
shells or higher. However, ionization of electrons
from lower shells will decrease the L-vacancy deple-
tion rate and affect the degree of inversion achieved.
A proper balance could come from a detailed numer-
cal analysis.

A desired ratio Ny/N; =~ 1% may be considered to
be achieved by electron collisions in a plasma, parti-
cle (electron) beam bombardment of a target, or by
photon bombardment of a target. Only the latter
appears at all feasible,5 since excessive plasma densi-
ties (210% cm=2) are zequired for either icnization2!
or dielectronic capture®’ electron-collisicnal pumping
schemes; and a required electron bean: current of
~10" A/em? is gre tly in excess (~108X) of that cur-
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rently available in unfocused beams. Also, in both of
these cases the rate for ionization from outershells
exceeds that for the K innershell by orders of magni-
tude, so that efficient collisional innershell pumping
seems most unpromising.

B. Photon Beams

For photon pun.ping, preferential innershell jon-
ization can be achieved with a source tuned to emit
predominantly in the K -absorption region, so that
outershell photoionization is reduced.! The pump-
ing rate P is given by N,,o,’f,-c, where N, is the x-ray
photon density, and o{,‘,v is the K-shell photoioniza-
tion cross section. In this particular chse, it is possi-
ble to obtain this threshold value independent of ab-
solute cross section, since photoionization losses are
balanced against photoionization pumping. In equi-
librium, No/N; = P/T + X), and Eq. (1) becomes

Nch
A Yo pi e
o TN, TEw > 20,}/,)\,, 3)

where 2rAv = I' + X is assumed for natural line
broadening (see below for validation of this assump-
tion). With A24 ~ 0.2 agrin and of:/oki~ 8 near the
K-absorption edge,?® th. equired photon density is
N, 2 5r(I + X)2/2Tc em—3.

Calculations are carried out for three cases, namely
silicor:, calcium, and copper, using published values®-
12in Eq. (3) for the total decay rate I' + X (since
Ka; ond Kay transitions must be pumped), values
for T from Eq. (2), and the results plotted in Fig. 3,
i.e., assuming the line shift mode of operation is pos-
sible. The results are listed in Table 11, where for
copper the results without the line shift advantage
are also included in parentheses by calculating T
from the data in Fig. 2. The photon densities N, de-
rived are converted to pump source radiances F by
multiplying by c(3hc/\), where the latter factor rep-
resents the approximate pumping photon energy,
Up to this point, the density of the laser medium has
not entered.

The gain aL achievable with a chosen length L
may be found from using the gain coefficient « given
by the right ide of Eq. (3), i.e.,

oL = ."N,o,l; (opl; o;:.)l. 3 1-',:;‘;. L/A. (@)
With :-f,(i (see Table II) calculated from Ref. 23 at a
pumping photon energy of 1.25 times the Ka photon
energy, and as:uming Ny = 1023 em~3, the gain is cal-
culated for a le :gth of 300 ym, which is 10X a reason-
able 30-um focal width (w). The results for the three
cases are listed in Table II. For all thsee cases, the
mean free path of a pumping x-ray photon, given by
(Nlo{,(,v)"‘, is much lese than the length, so that
transverse (or oblique traveling wave) pumpiny is re-
quired, and the area is given by Lw = 9 X 10~¢ cm?,
With this area and providing for a 10% efficiency of
power conversion from the original pumping source
to x rays of the proper energy, the pump power P re-
quired is derived and listed. Also indicated is the
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Table Il, Ko Pumping Requirement.

1044 x
A I+ 4) 10-2N, 1073F 1004 PIW)E  kTp (Am)un
Atomn (.x.) (sec™1) T (em™3) (TW/em?)  (em?) ol 101E(J) (keV) (1°\)
1S 7.1 6.7 0.6 2 4.8 9 70 4 6.5 5
2Cn 3.4 11 0.8 4 21 4 30 9 0.7 4
2Cu 1.5 21 0.6 20 230 2 15 200 1.2 2
0.2) (60) (700) (600) (1.6) (1.5)

( ) Refers to no line-shift case.
« For 109, conversion cfficicncy.
b Using 19 of total blackbody spectrum.

cctresponding pump energy E required for a 10-psec
wide pulse, eg., for a laser-heated-target x-ray
source.

From Table !! we may conclude that, with the ad-
vantage gained from line shifting, high net gain (=70)
is available in silicon with a reasonable pump, e.g., 40
J in a 10-psec pulse. Since it is unlikely that the
vapor density can be maintained at 1023 cm~? (solid),
the high gain is a safety factor, i.e., with a medium
density as low as 7 X 102! ecm™3, a gain of aL = 5 is
still possible. or shorter wavelengths the pumping
energy increases t~ 1.g., 2 kJ for copper, which is still
within the realr: of reality.

The assumed conversion (from pumping source to
x-ray photons) efficiency of 10% is probably high,
since the pump source must be converted into a
somewhat narrow band of x-ray photons toward the
high energy side of the K-absorption edge; at lower
photon energies excessive outershell ionization will
occur. If indeed the conversion couid take place in
the medium itself or in the immediate area and/or if
a properly tuned pumping source is available, this ef-
ficiency might be realistic. An initially attractive
possibility is radiation resulting from radiative re-
combination of electrons into 1s orbitals of hydro-
genic and/or heliunilike ions of the lasing element in
a surrounding blanket of high density plasma. As
the inverse process of photoionization, the recombi-
nation spectral : ~argy discribution complements the
absorption process. i.e., there is preferential recombi
nation emission at energies above the K-absorptic1
edge. Taking the sil .on example,® the reconibina.
tion emission for a 1-ecm thick blanket can be calcu-
lated,? and it is iound that a charged particle density
of approximat:ly 102 c¢m=3 is required, which is
technically difficult to achieve.  Broadband
brems.¢vahlung emission is hundreds of times
lovsr.%!

'I'ois difficulty with insufficient recombination r»
diation at reasonsble plasma densities is associated
with low emisei~’.v, Blackbody radiation at & suffi-
ciently high temperature is often considered as a lim-
iting case (as for sodium in the VUV, for example?5).
Included in Table I are the blackbody temperatures
k'Tgg in kcV required to produce the required x ra-
diance with 1% utilization of the total blackbody
emission. Also listed are the peak waveleugths (from
Wien’s law) for these temperatures. Thc results are

very reasonable regarding both plasma temperature
and the matching of the peak of the emission with
the absorption band. The problem is how to create
such a blackbody source, since continuum emission is
down by several orders of magnitude at reasonahle
densities. A possibility is a multiline source created
in a heavy element, where the individual broadened
lines have blended emissions approaching the contin-
uous blackbody limit. This saturation is not unusual
for intense VUV lines, and, with a careful selection cf
material, some tuning should be possible. For exam-
ple, uranium has L and M atom and ion emission
lines near 1 A and 4 A, respectively, and some work
has already been performed on uraniuin discharges
for intense pseudocontinuum sources in the VUV re-
gion.

iV. Line Broadening

Whenever a plasma is created in the laser medium,
either intentionally to achieve a high density for
pumping purposes or unavoidably due to intense ion-
ization pumping with Auger processes contributing to
the free electron production, the effect on the line
width must be considered, since the gain varies in-
versely with line width.2 Enhanced broadening (over
the natural broadening assumed above) may exist
due to random Doppler shifts and to charged particle
interactions (Stark broadening). Both are consid-
ered here for radiation in the Ka spectral regions for
various elements. The results are not only relevant
to Ko innershell lines but to resonance lines of hel-
iumlike and hydrogenic ions; in fact, Stark broaden-
ing rates are taken for Ly-« lines for convenience and
availahility.

An estimate of the Doppler width A\p is obtained
from?!:;

AX/A = Avp/v = 1.7 x 10°°RT /)7, (5)

where kT;, the ion kinetic temperature, is in eV and
is the atomic mass number of the element.
Assuming as an approximation that k7T; = hv/4 (v the
Ka-laser frequency) in an equilibrium plasma and A
= X (Lyman-a), A\p can be evaluated as a function
of laser wavelength A. The result is plotted in Fig. 4.

Stark widths for Ko transitions may be estimat-
ed?6:27 with sufficient accuracy for present purposes,
from the lesser?6 of the widths given by formulas for
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Fig. 4. Estimates of line widths for Ka type transitions va wave-

length X [with nstural (AAy), Doppler (AAp), and Stark (As) ef-

fects included). The decrease in natural broadening with ioniza-

tion is indicated by circles for neon; and hydrogenic and helium-
like ionic species are included.

the quasi-static lincer Stark effect (Holtsmark theo-
ry) and for the electron impact broadening. The for-
mer is given approximately for Lyman-« transitions
by

AN, = 2”_2A2_i7_; 8
o Sme m.Zh

) (6

where Z; is the ion charge and Zp the average per-
turber charge of density Np. For a single-ion plasma
where Z, = Z; this becomes

~ ﬂ_’ﬂ_Nm
mc om ¢

(7

H

for the (lesser) electron-perturber limit. The elec-
tron impact broadening?” is found from

3'a? (1‘1‘ )&
A ® 7 mzZijv,’ D

where the factor n2(n? = 3) In(emax/emin) has been ap-
proximated numerically by n* for I.yman-a transi-
tions. Also, v, may be replaced by t".e mean thermal
velocity for the electrons at the plasma kinetic tem-
perature derived abuve, i.e., hv/s. The resulting
Lyman-a {2 = 2) Stark widths A}y are plotted in Fig.
4 as a function of wavelength for Jhree electron densi-
ty values. The magnitudes of these two Stark broad-
ening processes are approximately the same for pres-
ent conditions. Thers is, for some schemes, an ad-
vantage in increasing the electron temperature pref-
erentially over the ion temperature for increased
electron collisional pumping without additional Dop-
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pler broadening. This will have the effect of de-
creasing the (Lorentz) width through v, in Eq. (8).

From Fig. 4 a comparison is now possible between
plasma line widths (Doppler and Stark) for Ko tran-
gitions and natural widths AME=MN2Aw/27c¢) deter-
mined from Aw = I’ + X, T being the Auger rate and
X the x-ray decay rate. The Auger data used here
are mostly for single K vacancies in neutral atoms;
for one case, namely neon (A = 14.6 A), the reduction
in natural width with multiple ionization is indicat-
ed.Z® Also shown for general interest are the natural
widths AAy (Aw = A, the transition probability) for
helium-like and hydrogenic species, where the latter
is a straight line since Ly-« wavelengths were used,
ie, A« A"2and AAy « A24.

From Fig. 4 it is clear that Doppler broadening is
not significantly larger than innershell natural broad-
ening at a low degree of ionization. Also, Lyman-a
type (n = 2) Stark broadening even at solid densities
(~10% em™—3) is not dominant for wavelengths short-
er than 4 A, Therefore, line broadening alone does
not preclude a unified plasma approach to x-ray las-
ing on Ko transitions. The significant reduction in
line width shown and the avoidance of photoioniza-
tion losses offered by hydrogenic and heliumlike ions
could only be realized in a relatively tenuous, ex-
panded, low temperature plasma with frozen-in ions
of these types, where quari-cw operation according co
the present scheme is not possible.

V. Summary

Quasi-stationary population inversion appears to
be possible, even with the most recent calculations of
Auger rates, for eler.ents with Z less than 40, It ap-
pears that the line shift with multiple ionization will
help in maintaining inversion; however, the need for
a mnore complete numerical rate-equation analysis is
clearly indicated. Assuming quasi-cw operation is
feasible, the pump power requirements necessary to
overcome photoionization losses and at the same
time achieve useful gain do not appear to be com-
pletely unreasonable, particularly when blackbody
x-ray emission is considered as a pumping source. It
is suggested that partial blackbody radiation in the
selected wavelength band required for innershell
photoionization pumping be acquired with intense
multiline radiation from heavy atoms a::d ions.

References

L. M. A. Duguay and R. M. Rentzepis, Appl. Phys. Lett. 10, 350
(1967).

2. R, C. Elton, R. W. Waynant, R. A. Andrewa, and M. H. Reilly,
Navul Research Laboratory Report 7412 (May 1972).

3. Yu. L. Stankevich, Sov. Phys. Dokl. 15, 356 (1970).

4. As used here, innershell implies that at least one additional
electron exists in a shell of larger principal quantum number
than for that shell in which the initial vacancy is produced.

5. R. C. Elton, Naval Research Laboratory Memorandum Report
No. 2908, (1974); also Phyaica Fennica 9, Suppl. Sl, 397 (1974).

6. M. A, Blokhin and V. P. Sachenko, Izv. Akad. Nauk. USSR 21,
1333 (1957).




e b L T

res

1
|
1
[ |
1

7

8.

. M. A. Blokhin, “The Physics of X-Rays" (translated), I" SAEC

Report AEC-tr-4502 (1961).

E. J. McGuire, Phys. Rev. 185, 1 (1969); Phys. Rev. A 2, 273

(1970).

. D. L. Walters and C. P. Bhalla, Phys. Rev. A 3, 1919 (1971);
At. Data 3, 301 (1971).

. J. H. Scofield, Phys. Rev. 179, 9 (1969); also LLL Report
UCRL-51231 (1 June 1972).

. J. H. Scofield, Phys. Rev. A 9, 1041 (1974).

. E.J. McGuire, Phys. Rev. A 3, 587 (1971).

. P. J. Mallozzi, private communication (1973); M. A. Daguay,
private communication to R. A. Andrews (1974).

. F.T. Arecchi, G. P. Banfi, and A. M. Malvezzi, Opt. Commun.
10, 214 (1974).

. R. L. Kelly and D. E. Harrison, Jr., At. Data 3, 177 (1971).

. 1. L. House, Astrophys. J. Suppl. 18, 21 (1969).

. T. N. Lie and R. C. Elton, Phys. Rev. A 3, 865 (1971); earlier
evidence of innershell ion transitions is reviewed here.

. E. J. McGuire, Phys. Rev. A 5, 1052 (1973).

19. T. Aberg, ~*hys. Rev. A 4, 1735 (1071),

22,

23

24,

25,

26.
217.

28.

. F.R. Gilr.re, Rand Report RM :67-AEC (10 April 1959).

. R. C. Ehon, in Plosma Ph- .;cs, Vol. 94 Methods of Experi-
mental Physics H. R. G.iem and R. H. Lovberg, Eds. (Aca-
demic, New York, 197!)).

S. M. R. Ansari, G. Elwert, and P. Micklich, Z. Naturforsch.
25, 1781 (1970); A. H. Gabriel and T. M. Paget, J. Phys. B 5,
673 (1972).

W. D. Barfield, G. D. Koontz, and W. F. Huebner, J. Quant.
Spectrosc. Radiat. Transfer 12, 1409 (1972).

H. R. Griem, Plasmo Spectroscopy (McGraw-Hill, New York,
1964).

W. W. Jones and A. W. Ali, NRL Memorandum Repoit 2807;
P. Bey, NRL Memorandum Report 2847 (1974).

H. R. Griem, private communication (1974).

H. R. Griem, Broadening of Spectral Lines by Chorged Parti-
cles in Plasmas (Academic, New York, 1974).

C. P. Bhalla, N. O. Folland, and M. A. Hein, Phys. Rev. A 8,
649 (1973).




GOPY AVAILABLE TO DDG DOES NOT
PERMIT FULLY LEGIBLE PRODUGTION

SPECTROSCOPY OF PLASMAS FOR SHORT WAVELIYGTH LASERS™
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ABSTRACT

The achievement of significant amplified spontane~us emission
at short wavelengths requ.ies eithec very high demsit. @ or very
long lengths. The former approach appears more premisicy at
present for concentrating the large pumping power required, and
plasma media are anticipated under such conditions. Iost often
lasing times are short and extension with metastable states doas
not appear possible at the high density requived and with com-
pating dipole transitions. Focusad high power laser beams offer
the most promising source of concentrated pump cnergy at present.
An inversioa schema of high pump probability for short wave-
length lasing involving resonauce charze transfer of an electron
from a neutral atom to an ion has been identified, and an exper-
iment designaed to test this scheme is described. TInitial spaca-
resolved spectra ara presented, as is the distribution ¢f the
reasured photographic spactral line density with distance f£rom
the surface of a lasar heated cavbom target 2s obtained with a
space-resolved grazing-incidence spactrozraph. FEarly results
indicate optically thick resonauce lines extending Lo approx-
imately 0.8nmm from the target. Charge trausfer pumping is expected
at distances » 2 mm. No definitive data ave so far avasilable
with a mautral gas background.

INTRODUCTTON

Tt is the primary intention im this papar to present some

recent speactroscopic results from helium-like and hydrogenic

*Supborréﬁuig*pa:: hy the Defense Advance Research Project Agency,
DARYA Qeder 24975,

Tpaper presented at the 4th International Conference on Beam Foil
Spectroscopy, Gatlinburg, Tenn., September 1975 (proceedings to be
published).
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carbon ions obtained in a laser-produced plasma. The experiment is
being conducted to investigate a potentially promising approach to
achieving laser action at very short wavelengths, namely resonance
charge transfer of electrons from a neutral atom into excited
states of a highly-stripped ion. Although a number of articles
have recently been written on the subject of short wavelength
lasers and a comprehensive review article is in preparation¥ it is
appropriate to include some brief introductory remarks in this
paper to accent those areas of particular interest to beam foil
spectroscopists and other specialists at this conference.

At present the existence of undisputed vacuum ultraviolet

‘ lasing has been achieved for wavelengths as short as 1098 A with
power levels varying from 10 kW to 500 MW, mostly with molecular
transitions. Frequency multiplication of a coherent infrared
laser beam has been successfully extended to wavelengths as short
as 887 &. At shorter wavelengths small degrees of population in-
version have been reported for hydrogenic ion lines following

a8 recombination, but so far nc undisputed claims of measured net

p amplification are available.

The difficulties encountered in extending lasing to wavelengths
k- ! shorter than 1000 L and igto the x-ray region can easily be seen
i from simple scaling laws.“ The problems begin with a lack of
8 efficient resonanting cavities so that a measurable gain given by
i) l exp (wL) for an amplifying length L is only achieved for a positive
i gain coefficient o exceeding unity. For Doppler broadened spectral
| lines the linear gain coefficient op scales as

3 N Ny 8
i o = s Aul N EE = b - > ()
! v o L u gf'

e, P —— bt A st

b4

o

i where v represents the mean velocity of the lasant ion; N,, Ny, and
Ny, represent the population densities of thz initial state and

! , the upper and lower laser states, respectivcly; g, and gg are the

! appropriate statistical weights; Ay is the transition probability

| for the laser transition; and A is the wavelength of the lasing
transition. Positive values of ap are required for net gain.
Written in this form, it is obvious that the achievement of

? ] population inversion is possible as indicated in the last factor

(shown in braces) irregardless of the absolute value of the gain k.

coefficient; thus the early reports of evidence of population in- ?

version without measurable gain. A high gain coefficient at short 4

wavelengths therefore depends primarily on the first factor (in-

dicate in brackets) in Eq. (1). This factor may be written as

B\ lou| , (2)
alL he




where P/al. is the pump power density for a cross-sectional area a
and length L of laser volume, and he/h,, represents the pumping
erergy. When A, i8 assumed equal to 10 A and «p is set equal

to 5, absolute values for P/al, becomé approximately 10 W/em? for
a wavelength A = 100 R, and it is clear that this power density
scales as 2~%. The bracketed factor in Eq. (2) can also be
written as

[No Np rou] b (3) ,

where roy(}) 1is the rate coefficient for pumping from some initial
state o to upper state laser u, and N_ is the density of pumping

' particles or photons. The rate coefflcient Tou depends upon the |
particular pumping atomic process and varies with wavelength i
according to the particular cross section as well as the conditions
of the pumping source. Independent of the wayelength dependence
of rou,the density product Ny N varies as )~ for a fixed value
of on.. It is desirable to keep these densities low, both to avoid
additional collisional effects and also to permit higher gain
coefficients achievable at increased densities. Therefure, a
pumping process with a rate coefficient r,, bearing a strong in-

I y verse dependence on wavelength and a large absolute cross section
is most desirable. From this point of view, the most promising
process identified so far for pumping at short wavelengths is

| resonance charge transfer of an electron from a neutral atom to
an ion in a collisio%, where the cross section” is given approx-

: imately by 10-16 @, em? and the rate coefficient r,, is given

approximately by 10-6 ;-5/4, which is several orders of magnitude

larger than other known pumping processes.2 With this process a c

gain coefficient o = 5 is redicted at & density of 10 9 cm~3 and

a wavelength as short as 8 A. Further details of this scaling for

other processes is published elsewhere.*> X

i

In addition to considerations of the pulse power and the
lasant density requirements, the time available for lasing is also E
a serious consideration at short wavelengths; since for many ;
processes it is expected to be as short as the lifetime of the upper
laser state which scales as A~2 and varies from 1079 sec. at
1000 & to 10"1° sec. in the x-ray region. Thus, there is also a

1 search for cw or quasi-cw laser schemes with extended lasing times. 3
It is natural, particularly for participants at this conference, 3
i to think first of metastable states for this purpose. The above |
relations show that both the gain coefficient and the pump power :
i density are proportional to the product of a density and the E

| wpper to lower state transition probability. Thus, proportionally
- higher densities are required for the low prabability of metastable
states, for a given gain coefficient, and collisional effects begin
to dominate over radiative effects. (However, it is to be noted

1 l that the pump power density is independent of the lasant density or E
. the transition protability for a fixed gain coefficient,) Also it "
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has so far not been possible to identify a transition from a
metastable state that is not in direct competition with a dipole

' transition to the same lower state, which will rapidly destroy
population inversion and thereby negate any advantage of the long-
lived metastable state, Therefore, the only proposal

{ ’ published5 for the use of metastable states in short wavelength

ﬁ | lasing is for the storage of electrons in the 21S metastable

' state of helium-like ions for subsequent rapid transfer (pumping)
to the 2lp state, followed by lasing on the 2lp » 1S resonance

- transition.

} RESONANCE CHARGE TRANSFER EXPERIMENT

= The high pumping flux required in small volumes and(most
| often) the short pump pulse risetime required demand the use of
plasmas as a lasant and focused laser beams as 2 pumping source for
1& | | the shorter wavelength regions. A typical plasma approach is the
resonance charge transfer pump scheme, as originally proposed
b by Vinogradov and Sobel'man and illustrated schematicallg in
k l Fig. 1 for a particular ion atom combination, namely C * and
E helium, which has been shown by a simple Landau-Zener theory‘h6
‘ ) for exothermic reactions to have a large cross section for the
particular plasma temperatures expected in the presence of these
I ions, The n = 3 states of the helium-like ions formed are expected

} | C5* + He -—= €%+ He's Ak

8

l = S _\_-.._,_n.
: ~~ )~ 250 4
.
E,<0
{ -16 _2
] Orct —10 1
/ )
I Ss=—=—— l
- ! 5 - . Figo 1"""
- Schematic diagram of the exothermic resonance charge transfer re-
p action leading to population inversion between n=3 and n=2 jevels in
C* helium-like ions following collisions with helium atoms. EB
represents the binding energy.
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to be preferentially populated at a high rate from the 1s2 1s
ground state of neutral helium atoms in collisionms, with subse-
quent lasing between n=3 and n=2 states and rapid lower n=2

leser state depletion, with inversion obtained as long 3s the
jnitial ions art maintained at a sufficient density. An experi-
ment designed to test this scheme is sheowr schematically in

Fig. 2, where a laser beam is focused onto a carbon slab target
before the entrance slit of a grazing incidence spectrograph cap-
able of recordirg the resonance series of hydrogenic and helium-
like carbon lines in the soft x-ray spectral region. The slot
shown between the entrance slit and the grating in Fig. 2 provides
spatial resolution of the emission from the plasma: plume produced,
as indicated along the length of the spectral lines recorded.

The neutral-atom background, namely helium in the present case,

is not indicated in Fig. 2. The experiment is also shown in the
photograph in Fig. 3 where the lucite chamber holding the rotatable
disk carbon target is shown attached to the entrance of the
grazing incidence spectrograph. A ruby laser capable of delivering
6 J, 20 ns FWHM pulses to a 500 ym focal spot is shown mounted
above the spectrograph.

LASER BEAM

Fig. 2--

Schematic diagram of the resonance charge transfer experiment, in-
cluding the grazing incidence vacuum spectrograph. The orthogonal
glot showa provides spatial resolution along the direction of
plasma expansion from the target surface, as traced in Fig. 5.




Fig. 3
Photograph of the resonance charge transfer experiment showing
the lucite target chamber attached to the grazing incidence
spectrograph and the laser in current use.

The initial results that can be reported at present are for
expansion into vacuum, which provides a reference spectrum, as
shown in Fig. 4. This 18 a second order spectrum of hydrogenic
and helium-like resonance lines, with the true wavelength indicated
in } units and the distance from the target surface indicated in
millimeters. The weaker lines indicated in this spectrum have been
identified as other second order lines, known satellite lines,
or in a few cases impurity lines. Significant Stark broadening of
the spectral lines can be observed in the high electron density
region near the target surface, and is an indicator of the electron
density. At present, microdensitometer scans along the wavelength
axis at various distances from the target surface are being
compared with similar spectra obtained in the presence of helium
background gas, in a search for evidence of enhanced population of
specific levels as indicated by the resonance line emission from
these levels. While the data for such comparisons is at present
sparce and inconclusive, it is possible to report on the variation
of the photographic densities with distance from the target sur-
face for various spectral lines important to this experiment. The
results are plotted in Fig, 5 for a vacuum expansion, where an
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Fig. &4--
Spatially resolved CV and CVI grazing incidence spectrum using a
400 ym slot as shown in Fig. 2. No background gas was present,

instrumental resolution in distance of 1 mm is expected at the plasma.

INITIAL RESULTS

The preliminary results obtained comparing spectra with and
without the neutral helium atmosphere are to date inconclusive
and will not be discussed here. Under vacuum conditions, both
the line (Fig. 5) and the continuum emission are observed to
initially increase with distanc.: from the target surface. This
is consistent with a rising temperature and the formation during
the rising laser pulse of an expanding high density critical
absorption layer for the laser radiation. Association of the
increasing continuum emission with density through bremsstrahlung
and recombination processes is consistent with the increasing
Stark broadening7in the same region, as observed in the spectrum
of Fig. 4.

Compared in Fig. 5 are the photographic densities (with the
continuum background subtvacted) of the resonance series lines




.0 2.0
DISTANCE FROM TARGET [mm]

PHOTOGRAPHIC DENSITY

Fig. 5=~=
Photographic density versus distance from target from space-

resolved grazing incidence spe:trum for the C%+ (CV) resonance
series.

from the heliun-like C** ions in vacuum (CV reference spectrum).
While these densities have so far not been converted to exposures,
it is clear that at distances greater than 0.8 rm the total line
intensity ratios scale approximately as expected, particularly

for those lines associated with transitions originating on

levels with principal quantum number n 2 3. It is this "outer"
region (® 2 mm), where the density dzcreases’ to & 1018 cp-3
that is of interest to the present carbon-ion/helium-atom
resonance charge transfer experiment. The 21p- 1ls first resonance
line appears to have an enhanced emission which may be associated
with a considerably higher uscillator strength compared to the
other lines in the series, as evidenced from data available

for neutral helium?.

Close to the target surface, the relative line emissions are
more neirly equal, for some of the series members. This can
most likely be attributed to opacity effects10 in the higher
density region, with perhaps the emission of lines of varying
strength from separate layers. Near 0.5 mm the first series
member shows a distinct dip in emission which is also evi -~nt on




the second member of the series. This also is most likely
associated with increased opacity for these stronger merbers of the
series. Indeed, the first member may be suppressed in tne closest
regions by reabsorption in cooler outer layers of the plasma plume.
Again, it is fortunate that the resnnance charge transfer effects
sought will became most avident at greater distances where it
appearse that reabsorption is less severe a problem.
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ABSTRACT

e = .

"

We oulline a complete theory of the nonlincar susceptibility

of cesium around 1,061, and present the first measurements of the

S

negative nonlinecar refractive ‘index n, primarily responsible for the
self defocusiug that is observed., Yor linearly polarized light, our
measurcd value of n, is -(1.4 +0,2) X 10730 N esu, where N is the

| atomic denvity, This is in reasonable agreement with our calculated
i value of ~ 2,62 X 10 %° N, The main pprtinn of n, comes from a two-

photon resonance between the Gs and 7s levels, and an additional

negative term arises from induced population changes betwcen 6s and

TP T T T T e e BT e et T e

i} 6p. For circular polarization, n, ariscs mainly from the induced
population changes, giving the measured and calcula.ed values of
-(.26 2 0,03) X 107 N.and - 0,525 X 107°" N, wespectively, TIn

% our experiments, where the 35 psec pulses were shorter than the

T T T

65-6p inversc linewidth, the nonlinear susceptibility depends mainly

i
on the instantancous.inteosity; however, for longer pulses, one would o
obtain additional contributions proportional to time integrals over

the intensity, Since the useful output power from large Nd laser

B systems is limited by self focusing duc to ¢he laser glass, our
results suggest the possibility of increasing this power by using

Cs vapor for compensation,
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I. INTRODUCTION

In recent years, a number of authors have obsctved sclf-focusing,1r4
self—dcfocusing,5 and other related effects®’” due to a rcsonant
cnhancement of the cleclrenic nonlincar suscept.bility in atomic vapors. .
These cffects arise [rom optically induced population changes associated

EBNSFT :
with single pho;o; : o; two photon1 absorpticn,

Rccently, we reported the observation of self-~defocusing of mode
Jo:ked 1,06 1 pulses in ccsium vapor,” For linearly polarized light, we
strributed this primarily to a two photon resonant cnhanccuent of tlic third
order nonlinear susceptibility.u This conﬁribution leads to an intcnsity:
dependaut rcfracklvc index 6n(5)(t) ~ 0, I(t) ~ I(t)/(ubo-Qm), wﬁere n,
is the nonlinear refractive index, and ® and Wy, are, rcspectively, the
optical frequency and the ncar resonant atomic frequency. In cesium vapor
around A = 1,06 #, 2w lics slightly above the 6s-7s frequency;. hence,

n, < 0,and at prcssures of a few Torr, its magnitude is comparablc to that
of laser glass.lo Since the useful output power from large Nd lascr systems
is ordinarily limited by sclf focusing in the glass amplificrs, thc
existence’of a negative n, at 1.06 i raiscs the possihility of increasing
this power by using Cs vapor for compensation,

The nonlinear behavior of Cs is complicated somcwhat\by additional
self dcfocusing concributions arising primarily from pulsc induced
populaéion cganges in the 6s and 6p levels. For pulse@idthé £ slort in

comparison to the Gs-0Op dephasing time fIé, this cffect rcmains intensity

dependeﬁt,l’5 and for lincarly polarized light, its coutribution tb.n?
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is relatively small; however, as a resull of atomic collisional relaxation,

it can also contribute terms proportional to time integrated intensities,ll

and these “inertigl" terms can casily predominate “if tp >> Fié. The result
is thenvsimilar to thormal defocusing.12

In this paper, we outline a complete fheory of the third order non-
linear refractive index ﬁn(b)(t), and relate this to earlier theoretical
work, “t213718 IWe then describe the first measureménts of n, in Cs vapor at
1,064 b under conditions where the instantaneous terms are expected to
predominate, and comparc these results to the thecry,

Assuming only that tp is short in comparison Fo,the atqwic radiative
lifétimes, aﬁd that o and 2w lie outside the atomic line profiles, we show
that 6n(5)(t) can alvays be,éxpressed'as the. sum of instantaneous and
inertial cpntributioﬁs. The 1nerti§1 terms derived here include the effects of
excited state col%isional mixing (e.g,, among the 6p sublevels) in addition to
atomic phase relaxation, Specializing to a three level model applicable to Cs
around 1,06 K,% we thén_derive simple approgimate expressions for the two photon
and induced population terms described above, We show, in particular, that the
6s-Ts fwo photon term disappears if the light is circularly polarized,

The measurements of.n2 were carried out by observing the self defocusing
of linearly and circularly polarized mode-locked pulses in a ceéiumlcell. We
also measured the insertion loss of the cesium at different peak in.cnsities,
aﬁd found a broad minimum (< 5% absorption) centered around 5 GW/em®, The

40 N esu for linear polarization and

measured values of n, are = gLar 10, 2 Xl
-(0.26 £ 0,05) X 107°Y N esu for circular polarization, in reasonable agreement

with the calculated valves of -é.62 X 107"°N and -0.525 X 16759 N, respectively,




II, ITHEORY
1 . A, Basic Equations
The lowest order noulinear rvefractive properties of an isofropic

medium can be found from the polarization

-y -
Oy =8y H&ipo(/?\) (t) R
a,B
induced by the optical field

2 o = g K g
: E (t) = e, e M + 38 E(ou,e) o, (2)
B -~ -
® Here, N is tiie atomic density, pﬁu = erﬁa are the atomic dipole matrix
":-ﬁ elements be-twéen, states 'gcx) andl;s) . PC((Z) (t) are the corresponding third

: . : , . - *
order density matrix clements, E(w,t) = [b(-w,t)] is the slowly varying
optical field amplitude, and € is a unit vector defining the optical

polarization state. The demsity matrix elements are obtained by solving

the Boltzmann equations

"J, . (n)

. . ' . (n)
o (B) = -(i/h) [no..o(“’ (t)] - (@) [vm.o(“'”(t)J

i forn=1, 2, 5, subject to the condition P(O) = 1. Here,
i 3 oo
- Ay ST
n, 3 e axals o v s ) h(L)'uml(xHBl. )
a 2,8
2 i lo) 1s the ground state, hw . is the enerpy.difference between la ) and

. ROY il A .
|0 ), and {p  (b) R describes the atomic relaxation, ' If we write
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P ity PR (8 & GG P o
= (t) in terms of its slowly varying amplitudes o2/ (w, t) =[ o2/ (-w,t) ]
(N i () -iwt (5) e (VS B S .
t) = 30 w + 50 -0 + Hrd 3
pq@ (t) 3 e _( ,t) e % (-w,t) e jrd harmonic terms, (5)

then the nonlinecar contribution to the refractive index of an isotropic

medium is

500y = 2n v BT a8 (0 by e, b "6y
m G B b , T
a,B :
The following two siwmplifications are assumed to be valid throughout
the remainder of this paper:. (i) One can ignore all longitudinal relaxation
processes, cxcept for collisional mixing among the excited lévels, and (ii)
the atomic and Taser linewidths are negligible in comparison to the detuning

frequcncies |u& o ““d"uaﬁ - ?ml that arise in the expression for ﬁn(j)(t).

B

-Condition (i),‘which is genzrally necessafy to avoid nptical pumping eff‘ects,'“3

requires that the laser puiscwﬂdth tp be short in comparison to the radiative

lifetimes of the excited ftates, Condition (ii) is well satisfied for cesium

vapor around 1.06 p with N = 101® em™ and laser linewidths up to several

angstroms,

The resulting solgtioﬁ of Eqs (1)-(G), which is outlined in the

© appendix, yields the expression

0 () = n’(r) + Ba"(t) (7a)
= il .+ ke ¥ s
0, (E (t))' E"N:“;B %o Lag(0) qa'(.t).] } (7b)

4 ' . . . . .
In 6n°(t), the nonlinecar refractive index is

rig
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R B 5» et T o Sveser e - 4
_ i o)) T (R0 (e, )t “e)
E 2 and the bracket ( } denotes an dverage over an optical cycle [i.e.,
| (Ee(t)> = é'e(w)-t)|2]. In 5n”' (t)!
3 { : P y RPN hd
# Sl e |2
: \'Cﬁ 3 hi(w 0lz‘-(u) 3 fi(w 331.0) (1
aB : aB
';.'_ is a linear susce{)tibility,, the quantities %(t) are solutions of the rate
E - ' equations
q (£) = = -y + + o
i 3468 = W g, (©) ?;‘ URORERCICY an
: subject to the initial conditions q('](-m) = 0, the driving terms are
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U
r is the homogenecous rclaxation rate of t), and W is ‘the g ~
o T mogenc ¢ ; pGO( )1 Bo B Ta

collisional mixing rate, which satisfies the conditions

e

e-hw B/kT
S T

W= T 2
3

where §,= 0 if o or 8 are zero, From Egs. (11), (12),(13b) and the initial

condition q}(-m) =0, we obtain the useful identity

Ty
a

'y instantanecous term 6n'(t) is dquivalen; to the results obtained from
the ugual third order perturbation theoryf“-éﬁilc bn” (t) arises from a
change in the total suscgptibility-as a result of incoherent popﬁlation'of
thg excited levels. .According to Eq. (A8 ), the total population change
Géi)(o,t) consists of an instantaneous (coherent) portion plus the inertial
(incoherent) portion q}(t) that arises from atowic rclaxation, - The coherent
contributions, which can hoe explained in terms of Grischkowsky's adiabatic

following model, ' ?“arc included in expression (). Butjlkfn, et.al, *thave

derived results similar to ours, but their interpretation is different.




In their formalism, our %J(t) would represent the total population change,
while the coherent pupuiation terms would be included adhoc by inserting
Stark shift terms in the off-diagonal density matrix cguations.

For short pulses (i.r., Euotp << 1), the inertial termg are'negligiblc,

and Eq. (7) reduces to

Gn(j)(t) °V5n'(t).= n, <E2)

At the opposite extreme, !gotp >> 1, and

51’1(:.) (t) o 5n” (t) e

The cxpression for én”(t) can be simplificd in the second case by noting that
collisioﬁal mixing .occurs only among the sublevels of each nl manifold.
Since the mixing rates %G'are usually comparable to ﬁuﬁ’l7 these sublevels

are completely thermaiized if I°' t >> 1,
: - o p




B. Three Level Model

The theory presented so far is applicable to all atomic vapors under
suitable conditions, For cesium vapor around 1,06 I, one can obtain a
useful and instructive approximation to this theory by examining the lower
lying cnergy 1cvcfs, shown in Fig. 1 Around 1.00 W, Gn(j) aﬁpcérs to be
determined mainly by the |Gs 5 = 0Y, |6p ) E_ll vand |7s ) = |2 ) levels
because of the neérby one and two photon resonances with 6p and 7s,
respectively (i.e., DAy < R +'w, and |ub0 - 2w << wQO)' To a
first'approximétion, we can therefore ignore 511 other levels and all non-
résonant~contributiohs Lo ﬁn(3)(t)i We will also ignore the L-S splitting
of the 6p level, and approximate 6p by the degenerate magnetic substates
|al), vy, fe) representing m = 1, 0, -1, réspccpively. This appears
to be reasonable at 1.06% n, where O w){2nc = 2149 cm ! and the L-§
splittiﬁg is only 5l cm ', The error that th's causes in tﬁe evaluation
of n, is small in comparison to that caused by the neglect of higher energy
states and nonrasonaut'contributions.

For linearly polnri:ud light, we choose & = ;; hence, the only non-
vanishing matrix clementg of interest are 2:;50 E g = ﬂ?b and
E'iéb = u21 =.ugl. Uéing the simplificationé'described'above, one can

approximate Eqs (7)-(10) by

s
h(u&

% anNps, -
Ty [a,(0) - q,(0)] TR SO

50 ey ~ 1y (87 (1)

(W)

where:

2 a0 0 S0 1

100

(18a)
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! (lw w)= (w, by 2w) n- (u)m )

and (.]o(t) and qb(t) are solutions of Eqs (11). The term q2(t) has not been
Included in (17) beeause it is fourth.order in E(t), and is tﬁerefore
negligible unless (U':U-Z:‘(i' is comparable to the atomic linewidth. Such terms
were dviseussed by Butylkin, et. al.l! and have .recgntly been observgd in
potassium vapor, * |

The negleet of L.-§ splitting allows one to oi):tain' simple expféssions
for 'qo(t) and 4, (t) with only two relaxation cons.tants. By symmetry
considerations, it follows that rao = F = Flo, T b "'We =W, and

thB = M for a i‘ﬁ equal to a, b or ¢, Equations (11) then reduce to

;\
. ot 3 ' g 1() =) '2
q, -(?/E)qu H ']21"'(10 3 (rm = "N) h‘-(m -w) (£%)

"where the identity q, 1 g, + 4% + a5, =a0 [Eq (lll-)'] has been used fo obtain
(19b).. Solviﬁg for qo(t) and qb(t), and substituting them into 17), we

obtain the result.
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As we indicated in the preceeding subsection, the integral terms arise from
incoherent redistribution of the 6s and 6p populations, and will bredominate
i >
if rlOtp > 1,
For pulsewidths comparable to or less than the atimic rcélaxation times

-1 -1 s (3)¢ .y
rlO and W ', the most important contribution to 6én [t) is the two photon
term n,, defined by Eqs (18), as we will show at the ond of this section. This

term is positive in most substances around 1,06 K, and is partially responsible

for the self focusing nbserved in materials such as laser glass,’® In Cs vapor

around 1,06 WK, however, oy is large and negative due to the strung resonant
enhancement by the two photon denominator (ubo-Ew)/Eﬂc = -261 cm-l.
The instantaneous portion of 6n(3)(t).tan be interpreted thsicélly

by rewriting expression (18b) iﬁ the form®

s
TRl L ) 1 1
e — -
2 h,(ubo-290(wlo-m) wlo-m F ubl-m
= .ane 2 :
Mo @ho. 1 ESln)

- 3% = ( ;
h (wlo-u» uio-w ubl-w

The first (and largest). pair of terms arise directly from the two photon
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followlng approximatlon that takes, account of the phase relaxation T’

()

"polarization" Uﬁg(vu», witich drives Ulb (W) and 0£?)(w), T~ second pair
arise from the coherent redistribution of the Gs and Sp populations, as
described by adiabatic following theory.l’5 We have recently shown that the
combined coherent and incolicrent population terms in a two level system (i.é.,
in the absence of unl ¢ud W) can be described by a generalized adiabatic
lO'
e i

For circularly polarized light, we choose &€ = T 275k *+ iy); hence,

3 A
y r 't 2 . - - 4
the o:ly non\aniehln *w1t11x elements of interest are r 'uaO ‘%UQ ”10
and T o T By = My, The magnitudes of ulo and Hsy Are equal to those in

the linearly polarized case, Using the same approximaticns -and nroceedure as

above, we again ohtain Fq (20), but the constants 0, and'CQ are now defined by

N, T oeny

& i)

Oay . 2Eo RW)n ;EWn21

The Ny, term does not appear in tﬁis’cése because the cor?ésroﬁding virtu&l
transition Gs = Gp = s requires zero net an"ular momentumn transfer from
the light to tho atom, whereas two photons of circularly polarized light
must transfgr AJ = té;?l (Two photon contributions do arise from the n®D

levels, but they have not been included in this simple approximation.)

From Eq (24) and definitions (18a,b%), we see that n, reduces to the expression

“derived by. Grischkowsky,l’sas oﬁe would expect in this case.

To evaluate Teyys Mg ahd gy, We used matrix elements obtained from
the toLal 6s” S% Gp” P; g and Gp® Pyga- 7525% line strengths calculated by
Heavens,?? and took “he energy of 6p to be 11547 em (the weighted average

of GpQP%.and 6p2Pg).' The magnitudes of the matrix elements are (in. atomic
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units) Iuihl = 9,106 and ihall = 2,92, piving the results Ny, - -2,56 % IU-%” N,
g, T 00095 N 0T N and oy = 0,256 % 1070 § esu for A = 1,004 w, The
resulting values of n, vbtained from Eqs (18) and (24) for linear and circular
polarization, respectively, are shown in column C of Table l.-in column D, we
show the values of n, calculated from the exacg expression [ Eq (8)], tak?ng
account of the contributions from non resonant térms and higher lying states
(up to 8s, 8p, and Gd), aud including the effects of L-S Splitting;.The
magnitudes of the matrix elgments-were again-calculatedlfrom Heavens' data,22

while the signs were taken from Table 1 of Miles and Harris,?®°

In the case of linear polarization, the gbod agreement Beqweén columns

C and D justifies our simple three level model, The small discrepency arises

primarily from the contribution of the Tp levels in the exact expression, For
circular polarization, the discrepenﬁy is significantly larger, and stems
primarily from the two phcton 6s-5d and 6s-6¢ contributions that were not

included in the threec level model.




III, EXPERIMENT

In order te measurc Ny, we studied the self-defocusing of mode locked
Nd.YAG pulses in a 100 ¢m long cesium vapor cell, . The measurements werc made at

several densities between N = 0,08 x 107 e and 0,32 x 10 7 cm-s‘with linearly

polarized pulses aud at 0,32 x 107 cm " ‘vith circular polarization, The-lensity
was controlled by adjusting the temperaturs of a cesium reservoir (260 505°¢C),
while the main crll was held at 460YC in order to minimize linecar absorption

from Cs dimers.® For N - 0.32 x 10'7 cm 3, the 6s-6p transverse relaxation time

Is is .approximately o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>